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FORZWORD

This Final Teahniocal Beport covers all work performed under Contracts
AF33(657)-R795 snd AP13(615)-2228 from 1 June 1962 %0 31 December 1566,
The mamusirips wvas released by the suthors in May 1967, for pubdlicetion as
sa ANML Techniocal Repors,

These oontrests with Airtrom, a division 3f l4tton Induatries,
Yorris Plains, New Jsrsey, were initiated unier Manufsoturing Msthods Pro jsot
7-568, "The Rydrothermal Growth of Zino Oxide Crystals". It was socoomplished
urdor the technioal dirvotion of Xr. Bodert C. Eratt of the Kleotroniocs Aranch
(MAT2), Mamufasturing Technology Division, Air Foroe Materials laboratory,
Tright-Fatterson Alr Joroe Base, Ohio.

Closely related efforts mre covered under P No. 8-132, "The Rydro-
thermal Growth of large Ruby Single Crystals".

Ir. Booch BR. )Monchamp, Manager, Crystal Orowth-Research and Developmsnt,
of Alrtron‘'s S0lid Stats laboratory, was the Projeot Direotor. Othsrs who
oooperated in the research and in the preparation of the report weres
Dr, J. ¥, .“1.“' Manager, %0114 State m‘w' and Riohard C. httm'

Projesct Enginser. This report has been given Airtroa's report mumber Rll-53)4, .

This projecs has been aocomplished as a part of the Alr Foroe Mamfaotwure

ing Methoas Program, the primary odjeotive of which is to dewvelop, on a timely’

basis., manufadturing prooesses, techniques and equipment for use in eoonomical
produotion of USAF materials and components. The program sncompasses the
following tecinical areas, ,

Design of pilos 1line for Zn0 orystals by the molten salt technique, the

hydrothermal growth of large Zn0 orystals, mumwmo:

doped Zn0 orystals.

Suggestions conoerning additional Mamfasturing Methods dmloplnt'
required on tiis or other subjects will be appreociated.

This technical report has been revieved and is spproved.

CH-7hl—

CRARLES N, NELSOK
hsgistant Chief
Masufscturing Technology Divistiom
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ABSTRACT

! A pilot line for the production of large high quality ZnO single

. crystals was established and many large crystals were produced. The
pilot line can be divided into two units, 1) a molton salt lire for
the production of seed plates to b2 used in 3) the hydrothermal cry-
stal growth pilot line. The design and comnstruction or both lines were
successfully completed and functioned as planned.

The molten salt crystal growth effort was not as successful as
had been anticipated. Large area, high quality crystale could not be
. made reproducibly by this technique. The most apparent reasons for
- the failure to do so rests in thermai gradient contrel during the growth
cycle and/or the presence or absence of impurities in the nlt.
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Although these problewms were not rowpletely resclved, the -olm
salt pilot line did yield sufficient Hlates for the 1n1t111 portion
of the hydrothermal crystal growth progranm.

Once growth conditions and procedures were established in the
‘ hydrothermal pilot line, the hydrothermally grown crystals were sec-
! tioned and used as seeds for subsequent runs. The area of the crystals
2 were increased by continued growth until large high quality crystals
¢ weiching more than 150 grams could be grown on such seeds within :eason-
able operating times.

One problem arose which had not been encountered in previous hy-
drothermal systems. It was found that the silver liner or can was
corrosively attacked during the course of the growth cycle. The silver
which was dissolved in the fluid in the nutrient chamber would also be
deposited in the crystals in the growth chamber. This problem was
sclved by adding a reducing agent (metallic zinc) to the reactants.

The cause of the corrosion apparently is due to the presence of oxygen
dissolved in the solvent and as air entrapped in closure of the can.

The reason this phcnomenon had not been ocbserved in other small systems

f using noble metal liners is that no other similar system has been scaled-
up to the ZnO size. The solution of this problem for the ZnO case will
undoubtedly be of value to other large hydrothermal crystal growth sys-
teus.

In addition to the growth of the large crystals many saaller crystals
were grown which were doped with copper to give resistivities in the 103 -
—_— 1040\ cu range. This is the range most desirable for acoustical am-
plifier devices.

- Other doping studies indicate a wide variation of resistivities
within the virgin crystal, and from crystal to crystal within a run.
After heat treatment, however, the variatinn of resistivity is reduced

: "’ to an order of magnitude or less. It was also observed that impurities
—— not detected by spectrographic analysis may be as imsportant in deter-
. aining the resultant resistivity as deliberate doping additions and
- ] growth conditions.
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Abstract (Continued)

During the course of these contracts many samples of hydrothermally
grown 2n0O were given to scientists and engineers in govermment, insus-
trial and university laboratories for measurement of the fundamental
properties of ZnO and for device dasign and Jdevelopment.

This abstract is subject to special export controls and each trans-
mittal to foreign govaernments or foreign nationals may be made with prior
approval of the Manufacturiong Techmology Division, Air Force Materials
Laboratory, Wright-Patterson AFB, Chio 45433.
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1.0 INTRODUCTION

The discovery bv Hutson: :hat zine omide has a piescelectric couwp~
iing coefficient of 7 &4, 5r four times that of quarts. atimslated auch
interest i~ this material, and work is underway in muany isboratoriee
20 use crystales of zinc oxide bctd to improve existing devices and
suild new ones. e existing drwice which will be improved Ly using
2ine oxide is the ultrasonic :# ay line.

1.1 Anplications

At present, ultrasonic delay lines for agpplicatiome reqguiring
long delays, of tha order of ailliseconds or & little lees, wse either
crystalline quartz, or barium titanate ceramic tzansdscers. The r-f
signal is impressed upon a driving transducer wiiich resonates and seunde
a sound wave through a delay mediuw; usually fueed silioca, watil, per-
haps after several reflections, the sound wave strikes a receiving pie-
soelectric transducer which changes ‘ne signal back to r-f. Both guarts
and barium titanate ceramics have serious shortcomings when long dslays
at high frequencies are desired.

Crystalline quartz is limited in the length of delay time
that it can achieve. The piezoelectric couplisg coefficient, k, is
only 0.1 The power of a transducer depends on the squarxe of this co-
efficient and the length of delay which can be achieved depends strovg-
ly on the power available since attenuation of ultrasconic waves in
silica i3 severe. wWith k = 0.1, quartz is limited to short delay appli-
cations. On the other hand, quartz can be lapped into very precise and
very thin plates. Since the resonant fraquency of a transducer is in-
versely proportional to its thickness, quartz c: be used at high fre-
quencies, around 100 Mc. This is for the fundamental mode. Higher modes
can be set up, but, again because of the low k, the efficiency of aigher

sode transducers is very low.

In the case of barium titanate ceramics, the problem is not
with delay time but the upper frequency at which the delay lines can
operate. 2arium titanate ceramics have coupling coefficients of 0.35
and higher. With these high coefficients, delay times of 6000 micro-
seconds have been achieved. However, the dielectric constant of these
ceramics is ~bout S00. Thus, as the transducers are made thinner for
higher frequency operation, the capacitance beccmss very high, and the
impedance match between transducers. which is necessary for operation
of the device, becomes impossible to achieve. This limits the upper
frequency for delay lines having bariua titanats transducers to 15 Mc.

Zinc oxide solves the problems of quartz and barium titanate
siwultapecusly. Ic¢ has a cuupling coefficient of 0.4 and a dlelectric
constant much nearer that of quartz than of BaTiO,. Its dielectric
constant is between 9 and 12, depending on fregqmescy. It cat also be -.
ground and lapped to close tolerances like qu-stz. Thus, it appears
that delay lines having 3-6000 u sec. delays -° frequencies over 100
Mc are possible. Indeed, with the highex k, it is at least possible that

e e o —




<o —————— W

TSP

mit s e — —

introduction (Continued)

in some applications higher modes could be used in spite of the higher
losses. This would raise the frequency of ocperation much higher.

A second very promising use of ZnO is in the very new ultra=
acnic amplifier reported by Hutson, McFee and White.<:3 In this device
a quarts transducer sends a shear wave through a fused silica buffer
which is in contact with a piozocelectric semiconductor. ({Hutson, at al
used cadsium sulficde since that was the only material available in
suitable single crystal rform.) The semiconductor is in contact with
another buffer and a receiving transducer. It was found that when a
light of certain intensity was used to excite the proper carrier con-
centration in CdS, a drift fiald pulse was applied to the C4S in the
direction of the shear wave Dropagation, a gain was observed in the
ultrasonic signal. Gains of 18 db at 15 Mc/sec and 38 d at 45 Mc/sec
were reported for a 7am sample of Cds%.

A.R. Hutson® has suggested that ZnO would be superior to C4&S
as the semiconducting transcducer because of its high coupling coerffi-
cient. It could also serve as the driving transducer.

Two specific applications for ZnO have been discussed. There
are no doubt many others. Probably quarts and ceramic piesocelectric
can be replaced with ZnO to great advantage in other devices. But in
all applications large, sound, single crystals of Zn0O will be required.

This report contains a description of the developwment of the
manufacturing methods, techniques and equipment required for the hy-
drothermal production of high quality, large single crystals of zinc
oxide.

1.2 Prgsrties

Zinc oxide in the pure state is a clear watar white oxide
having the wurtzite structure ( hexagonal.) As normally prepared it is
an n-type sewmiconductor. Rasistivities are observed as low as S ohm
cm in newly grown crystals. This resiativity can be raised or lowered
by various treatments with zinc, hydroger or oxygen. This fact, coupled
with the high energy gap (estimated at 3.3 ev), originally led to the
hope that zinc oxide would be suitable for semiconductor devices appli-
cations.

The use of ZnO in semiconductor devices has been curtailed
because to date no one has succeeded in making it p-type. Thus p-n
junctions cannot be nade. In an effort to sake p-type material,
Lander>® studied the behavior of various ions in the sinc oxide lattice.
He discovered that Li* will act as an acceptor in ZnO and will compen-
sate the n-type conductivity so that the material will become insulating,
although it will not become p-type. This work, plos the.growth of larger
crystals, led directly to Hutson's discovery of the large piezoelsctric
effect in ZnO. It is the cowpensated ZnO which exhibits a large effect.

-3~
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T™he wechanical Q of zinc oxdde {s et as Righ ss quarts bat
a is far higher than titanate ceramics. Rarltan® has msasured values
2o varying from 103 to over 100, depending oo compositice, ou cryetals

grown at Airtron. Charlton has also found that the temperature sta-

bility of the resonant frequency of a szinc oxide (0001) disk oscilla-
* ting in the compressional mode is only a little poorer tham a similar

quarts resonator. Since no other type of cscillater has beer made of

sinc oxide becaure of a lack of suitable crystals, it (s not known {f
certain cuts will possess the high tsmperature etabi]tty cbeerved io _
o some® quarts ocecillators. The temperature & ty o ZnO appears to i
£ be less than that of some titanate ceramics.” This would not be seriocus ;
Y in two-transducer devices or in those where extrems temperature eta-
i e BALALY wae unnecessary. e e AT A IR e S 1
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f

[
L i T A A

1.3 Growth Method

Zinc oxide is known for its high vapor pressure and its
rapid sublimation. Tt has not been observed, t» our knowledgs, in the
molten rtata. The vapor phase has proved very difficult as a growth
medium for ZnO in that it is not possible to grow large crystals re-
producibly.

;

. It appeared at the time of the begimming of thice work that a
” : . combination of molten salt ( for -006.)7 and hydroth.mla technigques
should yield large crystals reproducibly fox. the.first time.

- The growth of ZnO from the vapor phase ylelds crystals which
are of a needle type habit. The ratio of axis length to diameter is
about S0 to 1 in these crystals normally, although more truncated cry-
stals are sometines obtained. The largest diameters are about 3mm.

The needle form is due to differences in growth rates between the <0001>
direction and those perpendicular to it. Waile poesibly suitable for
some acoustical amplifier uses, the small size of such crystals make

] them unsuitable for large area transducer type devices.

On the other hand the molten salt crystals grow with exactly
opposite differences in rates. The lateral growth rates are about 50
tizes greater than the <0001> growth thus yisld large area flat plates
which are ideally suited for hydrothermal seed crystals. It has bemn
found tk2t in the hydrothermal system nearly more equal growth rates
are cbtained in the lateral and <0001> directicus. :

In order to produce ZnO seed plate crystals by the wolten salt
technique a platinum can is charged with about 30 mole percent ZnO and
{ PbP3; powders. The can and contents are thens hsatsd to 1150°C and held
; at that tewperature for 2 hours. The welt is cooled to 1050°C at a
rate of 3-5°C/hour after which the can is withdrasm and the flux poured ,
o off from the crye.als.

N IR R o '
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Intracduction {Continuaed)

Normally, crystal growth from aqueous eclution is carried out
at atwospheric pressure and temperatures close to rosm tewpexature. The
hydrothermal technique is one which allows crystallization to be carried
out under a wide range of temperaturee and pressures. The higher pree-
sures and tewperatures euployed in this msethod provide a weans of ob-
taining solubilities and nucleating conditions for crystals wshich would
be difficult to grow using other techniques.

In operation, an aquecus solutiocn is held at &« high tempera-
ture an“ pressure in order to dissolve the source material (nutrient)
in one part of the system, transport the dissolved nutrient to another
part of the system and deposit {t onto a seed crystal epitaxially. 1Ibhe
process is carried out in vertically mounted, s3aled autoclaves along
which a temperature difference (AT) is impoeed between the top and
bottom. The nutrient is usually placed in the bottam, hotter portien
of the autoclave chamber while the properly oriented single crystal
seeds are suspended in the upper, cooler region as in Figure i.

The aqueous solvent in the region of the mutrient becowes
saturated with nutrient winich is then transported by thermal convection
to the cooler portion of the autociave. In this region, the solution is
supersaturated with respect to the seed crystals and, therefore, depo-
sits the solute on the seeds. The now cooler and dspleted solvent
returns to the nutrient region by convection where, not now being sa-
tarated, it may again diasolve the nutrient material. viocualy, the
process is continuocus and stops only when the nutrient supply is exn-
hausted.

More detailed descriptions of the hydrothermal process and
equipment can be found in review articles by Laudise and Nielsen,? and
Laudise.10 These articles, particularly that of Laudise and Nielsen,
also emphasize the hydrothermal process for quarts work.

While we were in the process of setting up the pilot line,
Laudise, Kolh and Caporaso,8 published their first paper concerning the
hydrothermal growth of zinc oxide crystals. They used small silver-
lined Morey type vessels and so all the data they presented was not
easily translated to the larger vessel of the pilot line. Their sol-
vent, its concentration, temperature range data, atc., did provide an
excellent starting place. 1In fact, other than working at higher pres-
sures, the growth parameters currently used are not too different fram
the original data of Laudise et al.
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4.0 PILOT LINB
4.1 Molten Salt

2.1.1 Floor Layout and Bquipaeny

The floor plan for the ZnO crystal growth pilot line
is shown in Figure 2. The figure shows the location of our three inch
wolten salt furnaces, the 10 inch furnace, the hydrothermal pit and
general work areas. The uwolten salt crystal growth was mostly performs-
ed in the ten inch and three inch furnaces des.ribed in the follow-
ing section.

2.1.2 The Ten Inch Furnace

The metal shell of a vertical 10 inch I.D. American _
Biectric® globar furnace was used to house a ceramic interior, see ‘
Figure 3. The bottom of the wetal shell was welded; however, the top
was only bolted down as was, therefore, easily removed. Thus, the
furnace interior could be inserted from the top. The furnace interior,
shown in Figure 4, and fabricated by Research and Development Co.Y was
made in two pieces. The dotted line in Figure 4 shows the individual
sections (the alumina core is one piece). The furnace consists of the
following:

I

1. A cast alumina core and cast furnace lining. .

2. A.P. Gx'eon'-A

type Sair-set bonding cement.

3. High temperature firebrick, type K-30 and medium
te-petazgre insulating brick, type K-20, both supplied by Babcock and
Wilcox.

The high purity cast alumina core and alumina lining
are necessary to withatand the PbF; vapors at elevated tewperatures.
The pedestal and plug are also cast from high purity alumina and are
suppliad by Rewearch and Development Co.%2 A typical 10 inch furnace
pedestal and plug are shown in Figure S. Positioning of the pedestal
was varied during the course of the work as indicated in Tables II and
III of Section 3.1.2.

Using normal furnace loading, the inner fuinace parts
had to be changed every 6 to 9 months. The tearing down and rebuilding
usually took one technician about one week to accowplish after the

+ American Electric Furnace Co., Boston, Massachusetts.
+ Research and Devalopment Co., New Market, New Jersey.
3  A.P. Green Firebrick Co., Pemmsylvania.

++ Babcock and Wilcox, New York 17, New York.

hod kesearch and Development Co., New Market, New Jarsey.
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Pilot Line {(Contirued)

furnace had coolec t> roomn temperaturne (cooling to roova temperature
would take 4 days.) Normally, the core was considerably swelled and
the plug was bonded to the upper portion of the core due to solvent
attzack; thus neither the plug nor core was easily rimoved. The nmost
successful method used was to forcibly extract the plug plus upper
core half by swans of an overhead block and tackla. The lower portioan
of the core was chipped away with a nacgmer. The rewmainder o: the fur-
nace insides were either lifted out or chipped away depending upon the
extent of solvent attack. (nce the furr.ace was reassembled, a slow
initial warm-up cycle was neomssary in order to remove water and pre-
vent cracking of cerauwic parts. The furnace was allowed to heat to
250 - 300°C a. a rate of 15°C per hour and then held at that teuwper-
ature for 24 hours, after which the furnace was browght rapidly to

temperature.

Four 0.020 inch dirweter platinum vs. platinum 13
percent rhodium thermocouples are used to either control the furnace
or indicate the temperature at a desired location. The control ther-
mocouple and one indicating thermocnuple are located in the heating
elemert region. These are shown in Figure 4. The countrol thermocouple
is placed in the heating element area ir order to semse and adjust
temperature fluctuations before they affect crystal growth. A second
indicating thermocouple is located in the plug, and the last, but most
important thermocouple is located in the pedestal, sce Figure 5. The
pedestal thermocouple is positioned less than 1/4 inch away from the
crucible floor, and was used to indicate "hold" and pour temperatures.

The pedestal thermocouple rotates with the pedestal
during the soak period (fast rotation) and cooling cycle (slow rotationm).
1t was, therefore, necessary to provide adequate voltage transmission
to the potentiometcr while the thermocouple was rotating. This was
accomplished through use of a slip ring device which is shown icn
Figure 6. The thermocouple leads are soldered to brass rings which
make continuous fricticn contact to copper wipers. This device was
manufactured at Airtron and enables a continuous indication of the
temperature throughout the crystal ¢rowth run.

The 10 inch furnace was equipped with an elevator
and crucible rotating wechanism, which are shcwn in Figure 7. The
elevator system is used to raise and lower the pedeatal in order to
insert and remove crystal growth runs. The elevator system is drivenby
a 3 phase AC motor, Type P, Model DS56C, manufactured by Doerr Blectric
Co.* It consists of a pedestal plaiform which is driven by four ro-
tating screws. The crucible rotating wmechanism is used to aid solution
of the constituent oxides during the hold period. It consists of chain

+ Doerr Blectric Co., Cedarsburg, Virginia

-11-




Copper / Thermocouple lnsulation plus

FPt:Pt, 13 $Rh thermocouple

7 I.ﬂfi
Te Fortentiometsr —— ~
~—Formica

Braess

. o~ i
Copper . /

m. g w. .

. :/l! T~—— Brass

\\\\._\\\\ | Em— ¢

” w '«._‘u .\ll....\.

.
Pt . ~— Pt, 13 % Rh

Approximately Full Scale

Fig:re & - S5lip Ring Device




- A — oo . -

susguwyo ey Cugieiong e1QIONI) puw cyeaniy - £ srnbdig

- —— et ol . B v —— e - *
s saatre s e §h 4
s o= LB _
. Moo v . - — ~p ™ em
TETTAE Y T »g - -~ I
Qewromng — ﬁ
< 'Ib.ll’lcr.,ql

AR Y

; LI A X 4]
._ - wa" ey

— . §
e -
»

o el o A oo &+ o 3 1ot et e et dire

AN O3, 055
o o
//q

o -

- o i
it 0 i - i
PSSty
st
[ 4
s
o A

g > // /L ﬁ H—‘. —

E v : P i} v
! ; i i \
Am b ' “" \\\
| —.tf |/

g . troe awe e — - -3 b=

-

e o D R aweiabidlig L

ot S p—
et 3 o o ‘
pade % . nnﬂwtnlw(i.... T T oy
Wl Iaemvemamrn . Y 4 4w
P e ..ﬁc! i ey !.v\.\.\L -
) ,h - - sh L
s I [ —— A -
; * 3
? ! ir
M _ _
m | ~ |
1 |
i — - = —
g e m [0 A, L
M
1
H
! \ .
M ’ M ¢ * » v ;
£
O
g% S T T
S ' P i et
IR T O kiR




wrerbeg o

L

P{lot Line (Continued)

driven bearings mounted in the pedestal platform. Ihe motor drive

for the rotating svetewm is cquipped with an electric ciutch to pre-

vwnt abrupt starting and stopping of the pedestai. The wotor, type

HB~ 3P, and electric clutch, Part No. 043174-1, cperate as one unit and
Ar® SUDpPiled Oy hNew angiland Gear wowms and Baton Mamuracturing Co.-,
respectively. The motor drives at 90 rpm to a 1 to 3 gear sprocket
reduction which turns the pedestal at 30 rpm. The typical rotating
cycle used is described in Section 2.1.6, Seed Crystal Growth Conditions,

Due to the weight of the melt plus crucible (55 to
73 pounds;, a specia. device is needed for the pouring or unloading
operation. A drawing of this device is shown in Figure 8. A set of
Detai jaws insuiated with Fiberfrax sheet is cismped onto the crucibie
and supporting ceramic plate and the pedestal is lowered away. The
unloader pius crucibie is roiled down a tracik, then twisted sc as to
enable the iiquid to pour slowly into a sand box.

Heating elements are a major consideration when attemp-
ting crystal growth on a large scaie. During the earlier runs, Nortonsd
"Hot Rods" and Carborundumd "Glo-bars" were used unsuccessfully. These
alements were matched to the power imput but usuaily did not last more
than 6 to 8 weeks. With a .ife time of 6 %o 8 weeks, it was impossibie
to be sure that a second run would proceed to cuapwdtion.

Morganite** spiral cut heating elements (manufactured
by Cruciiite in BEngland) are present.y used. These double glazed 1 /8
inch diaweter eiements are resistance matched to _ess than 2 i/2 percent
and have an operating lifetime of about 6 months. These elements usu-~
ally last as iong as the furnace lining and arev standard for the pilot
iine.

In order to insure identical aging cf the heating
elements, 1t would be ideal to have a completely parallel power hook-
up. Unfortunately, the avai.able power equipwent and the resistances
of commercial heating elements are not compatible with such a hook-
up; therefore, the design shown in Figure 9 was used as an alternative.
This alternating two-bank series paraliei design should approximate
uniform heating even though the two-banks may age differently. The
2lements are located 45° apart on a 16 inch bolt circie; this piaces
the center of each eiement 2.5 inches from the outside diameter of
the aiumina core.

+ New Bng;and Gear works South Hxmpton, Connecticut.

> Baton Manufacturing Co., Kenosha, Wisconsin.

a Norton Co., Teterboro, New Jersey.

A Carborundum Co. Niagra Fails, New York.

++ Morganite Co., 3302-3320 40th Avenue, Long Island City, New York.
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Pilot Line (Continued)

3 Thc tewperature control equipmeat, saturable reactor,
power transforwer and strip chart recorder (for temperature read out}
were purchased from M.nnesapolis Honeyweii Co.* The BSeck~ Program cote

: troller was aiso suppiied through Minneapoiis Homeywe>1. These compovents
> «se show) with the appropriate interconnections to the turnace in Figure
" 10. Also shown are the e_evator anc rotating mechanism wiring.

The temperature control is accomplished through use
of a piatinum, piatinum 13 percent rhodium thersocoup.e. Ihe thermo-
couple wire is 0.20 inches in diameter, and is ¥nglehard’'s”’ standard
M grads. The iocation of the controi thermocouple is shown in Figure 4.
! All the thermocouples, including the control thermecowple, are insule
oo Ated with McDanel? type AR2T116316 round, double bore insulation. The
thermocoupie plus insulation is placed in an alumina protection tubde,
5?3 e type AFPT 14, The thermocouple is coumectsd to an electrovic mulle - 0 o
|

balance recorder controlier (see Figure 10), the calibrated accuracy

: of which is 0.3 percent of the span or # 0..2°C. The actuai cooling

A or tewmperature lowering is accomplished with a Beck coctrol unit cal-
ibrated from 0.3 to i0°C per hour. Unfortunately, the Beck unit can
only be used for cooiing. Warm-up procedure, either from a cold
furnace oxr after a run has been poured, must be accomplished by a
manual control iocated on the Electro-Volt Contro.ier, (see Figure 10).
The wara-up procedure from a cold furnace has been previcusly described;

. warming up to "socak" temperature after a poux normaliy takes frc— 6 to
10 hours. Furnace power is regulated by the control unit throv 1 5@
of a saturable reactor, (see Figure 10).

2.1.3 The Taree Inch Purnace

The four three inch furnaces were similar in design
and construction to the tem inch furnace. As with the ten inch furnace,
the three inch is used to designate the i.d. of the core. Because of
the similarity (o the ten inch furnace a complets coastruction sche-
3atic 1s not presented. Figure il shows the critical internal dimen-
sion and thermocoupie position. The dimersion of the core was such
that 250 miiiiliter platinum crucibles were used as vessels for crys-
tal growth. The position of the pedestal and crucible were varied
throughout the course of the work; position data are inciuded in Table
IIT.

+ Minneapo’is Honeywelli Co., Route 22, Union, New Jersey.

+> Harold Beck Co., 3640 North Secound Street, Phiiladelphia 40, Pemna.
~~( 4  Boglehard Industries, 113 Astor Street, Newark, New Jersey.

4 McDanel Refractories, Beaver Falis, Pennsylvacia.
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Pilot Line (Continued)

These furnaces are heated by six Globars wired as
three sovies strings of two bars in parallel acroes the 208 volt
line. (Figure 9) All are saturabls core reactor controclled.

The temperatnre comwtrol units for these furnaces are
all West Instrument Corporatisn, Model JSBG-3R controllers. These units
consist of the temperature ccntroller which is operated on the princi-
ple of a beam of light shining on a photocell. The beam is inter-
rupted by a flag as the temyerature approaches the set point. The pro-
portional band which drives the magnetic amplifier and the saturable
core reactor is determined by the amcunt of light incident on the photo-
cell. The power input to the furnace is proportional to the photocell
output. There is also a cam driven by a synchronous motor for progras-
ming. By incorporating various timers and interrupters in the circuits,
it is possible to control the rate of change of tewperature over a range
of one-half degree per hour to fifty degrees centigrade per hour. The
limit of control at constant temperature is about plus or minus two
degrees centigrade.

While the temperature control is not nearly as sophis-
ticated on the smaller furnaces, the better control is not really neces-
sary. The very fine teuwperature control referred to for the 10 inch
furnaces is necessary for any production type work. The smaller 3
inch inside diameter furnaces are used to obtain some of the process
information which is applicable to the larger furnaces. Much of this
information can be obtained on equipment which is not nearly as precise
as the control equipment used on the larger furnaces. The very fine
equipwent will undoubtedly yield better crystals. The small furnaces
are intended more to yield information than cxrystals. The process
improvements are expected to yield more crystals per run as well as
higher quality crystals.

The same kind of statement can be made about the
elevators and stirrers for these furnaces. While the requirements are
not as great; that is, the elevator is only required to lift a few
pounds and the stirrer is required to rotate the same small mass of
charge, it was felt that standard elevators and the stirrers with as:
many interchangeable parts as is feasible would allow the maximum
utilization of equipment.

The elevator is simply a convenient method of admit-
ting the sample to the furnace. The stirrer serves to reduce the length
of time required to soak and dissolve zinc oxide in the lead fluoride.
Stirring, for example, makes the zinc oxide go into solution in one or
two hours at 1150°C where it would take several hours at 1250°C with-
out stirring. It might not even be possible to dissolve the material
at 1150°C without stirring. Barly work by Nielsen7, indicatas that
zinc oxdde should dissolve at 1150°C with no trouble. These tempera-
tures are control thermocouple temperatures while Nielsen referred to
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Pliot Line (Continued)

aurfie or core temwperatures. Ren though the ssaller furoaces, see
Figure 12 for a comparison with the .0 inch furnace, do not require
the eievator and stirrer power, it wers decided that standardizing thee:
couponents wouid be advantageous. For this reason, all the elevators
are as nearly identical as furnace dimensions wili perm.t.

2.1.4 Materials and Purity

Ror the growth of ZnO by the molten salt technigQue
only two chemicais are required, ZaO and PbF;, wxich were purchased
fra. Figher Scientific Co.+ and Baker and Adamson,++ respectively.
The zinc oxide was the Fisher CERTIFIED ACS Grade which is 99.8+%
purity. The PbF; was B&A Reagent Grade which ana.yzed as 99.8+% PbF;.

Cleaning chemicals, acids for the platinum crucibles
and NaNOy for the crystals were technical grade obtained from various
chemicai houses.

2.1.5 Weighing and Loading Procedures

The ZnO and PbF; powders were carefully weighed on
& chemicai balance of suitable size. The balance used wau different
for batches for 3 inch, 6 inch and 10 inch fuixnaces. The genera. pro--
cedure in loading the crucibles was to pack the ZnO powder on the bottom
of the crucible and to pack the PbF; on the top. By using this pro-
cedure it was feit that as the heavier PbF; melted and fiowed down-
ward it would help 1in dissoiving the ZnO. A tight fitting cover was
then placed on the crucibie and the sides of the 1lid crimped so as to
maxinize the ciosure of the crucible.

The piatimm cruciblesA used in this work were of
three sizes: 1) 8 inches in diameter by 8 inches high and .050 inch
thicxk wails, 2) S 1/4 inches in diameter by S 1/4 inches high and .050
inch thick walls and 3) 3 1/2 inches in diameter by 2 1/2 iuches high and
.030 inch thick walls.

The usual or typical quantities of PbF3 and ZnO charge
to the three sizes of crucibles are in the same ratio as used by
Nielsaen znd Dearborn’ and are presented in Table I.

- - D S DD D D D A D D D W - - .-

+ Fisher Scientific Co. 1080 Lousons Rd., Union, New Jexrsey 07083.

++ Baker & Adamson, General Chemical Divigion, Alliecd Chemicai Corp.
P.0O. Box 70, Morristown, New Jersey.

A Baker Platinum Division, Bnglehard Industries, Newark, New Jersey.
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Pilot Line ”Continued)

TABLE T
Typical MoIten SaTt Crmposition for ZnO Crystal Growth

. Wgt Zn0 {grams) Wgt Pb™; ‘(‘grams) Maoles ZnO Moles
POF
3" : 44 400 U.54 1.63
6" 322 290 3.93 11.95
io" 1320 ‘12000 16.20 48.92

In 'Yoading the ten inch furnace the car was held in
the jaws of the wchanical Iocader and placed on top of the pedestal.
Loading of the 6" and 3" furnaces was more easily accomplished aagu-
ally with tongs of the proper :ize and shape to hold the cruciblae.

2.1.6 Seed Crystal Growth Ccnditions

Again a general procedure and conditlons are presented
here in this section; individnal experiments wherein various gradients
were enployed will be described in later sections.

In any of the furnaces used the pedestal with the
can resting on top was raised into the preheated furnace. The pedestal
position was varied in order to optimize the gradients for the best
crystal growth.

The charged crucible was soaked at a temperature,
usually I1S0°C for a mimimum of two hours while rotating the pedestal.
The rotation cycle was as follows: 25 seconds clockwise, 5 seconds
stop, 25 seconds counterclockwise, 5 saconds stop and repeat. It was
found that without rotation much longer soak periods were required
in order to obtain complete dissolution. At the end of the soak period
this rotation was stopped and the cool-down began. Depending upon the
size of the fuinace and specific goal of each run the cooling rate
was varied from 0.5°C/hour to 7°T/hour. In the smaller furnaces, the
faster cooling rates of 3-7°C/hour were employed since the temperatuxrs
control was probably limited to 1-2°C. In the TIarge furnace rates down
to 0.5°CYhour were employed. The cool down period was terminated at
1050°C which meant a cooling period of 24 to 300 hours depending upon
the rate employea.

2.1.7 Unloading Operation

At about 1050°C - 1080°C, depending on the --mposition
used, the crucible is rapidly withdrawn and the excess liquiad is poured
off the crystals.
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Pilot Line {(Continued)

Preparations prior tn the pouring cperation ars very
important. .he toxiciily uf lead fluoride vapors necessitates extrese
care in handling. Three people (minimum) are required to pour a large
run. (ne man operates the elevator and directs the soveasnts of the
unloading device; he also {s responsible for removing the crucible co-
ver. The second san handles the unloading device and dnes the actual
pouring. A third man holds an exhaust snorkel directly above ths cru-
cible during the entire operation. The second and third men are equip-
ped with aopropriate gas masks (Model H, plus canister EA 813524, manu-
factured by Mine safety Appliance Co.% )u Also, during the entire pour=
ing period, a high volume roof exhaust fan is in operation.

The actual pouring operation should be accompliahed
in less than 10 minutes to prevent the liquid from freezsing. 7The se-
quence of events consists of the following:

a. Prepare equiment, turn oun exhaunst fans, and
put on gas masks, as described above.

b. Lower pedestal and grab crucible with jaws of
unloading device (1 - 2 minutes).

c. Run pouring device down track and remove c u-
cible cover (1/2 - 1 ainute)..

d. Pivot unloading device and slowly pour liquid
into sand box or water cooled metal container (4-5 minutes).

e. If the crystals are floating, they should be
prevented from escaping with the liquid. This is normally done by
holding a metal rod across the rim of the crucible near the pouring area.

With the smaller crucibles the same health safety
precautions were taken with the use of gas masks, and venting of the
fumes. The flux pouring was essentially the same except that manually
operated forceps were used to remove the crucibles and pour the flux.

2.1.8 Crystal Separation and Cleaning

After the platinum crucible has cooled to room tewper-
ature, it is gently tapped with a plastic hammer to loosen the crystals
which are attached to the wall and floor.

The usual flux removal technique for cleaning crystals
employ one or more acids. Zinc oxide, though a refractory material is
quite readily attacked by acids and so a different procedure had to be

D D WD D YD D - - " G - S -

+ Mine Safety Appliance Co., 201 North Braddock Avernue, Pittsburgh,
Pennsylvania
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‘ Pilot Line (Continued)

developed.. Siiple mechanical removdl of the flux by grindisg, scrapiog
etc. was not poesible because of fragility of the thin IZnO plates.

A somewhat different approach was requised te clean
! the ZnO crystais of a7y adhering PbFz flux. The procedure which was
’ developad was as follows:

1. The ZnO plates with adhering flux were
' placed in a stainless steel screen basket. (3" dismeter) !

2. This baebee wsg thew 2-Tered into a 230cc :
platinum crucible which contains molten NaNOj (mp 307°C),

. 3. After several mimutes in moltes NaND;, the
basket was slowly withdrawn.

i

Y ot O P '”» I SCTI R N B i’ B
’f’;‘! 4. After cooling ts alr to room uqoum the
o basket with the plates was placed in a beaker uiich was being flooded

with hot water.

S. The cleaned plates were then washed with
distilled water and air dried.

. This procedure was quite satisfactory. The molten
NaNO, did not attack the ZnO crystal but did react with adhering Pb¥F;
to form water soluble Ph(NO;3)az and the just slightly less soluble NaF.
The combination of molten NaNO, followed by hot water proved to be a
satisfactory approach to cleaning the moltan salt ZnO plataes.

2.2 Hydrothermal_

2.2.1 Laboratory Facility

: A pilot line for the hydrothermal growth of large
ZnO crystals was designed and assembled. A 20-feet long x 4-feet wide
X 4-feet deep pit with reinforced concrete walls was constructed in the
laboratory to contain the autoclaves and furnaces when in operation.
This pit provides personnei protecction against scalding or fragmentation
which could result from equipment malfunction. The pit contains six
furnaces, four large ones for the large A-286 autoclaves and two for
the small Waspalloy vessels, and a saturable core reactor for sach
furnace. At one end of the pit is located a susp and automatic pump
in the event of ground water seepage into the pit. This sump ares of
the pit is also used for cleaning and cooiing of the auntoclaves. This

. equipment was obtained under Air Force Facilities Contract AF27/437).
12307,

! The furnace heights are adjusted so that the tops

of the autoclaves are just floor level. The pit area is covered by

removable steel grill sections. Mounted on the nearest wall are the ;
temperature controilers and programmers for the hydrotherm:l furnmaces.
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Pllot Line (Ccntinued)

A one-thousand pound capacity travelling noist is wounted overhead so
that the autoclaves sav be readily wmoved.

The laboratory (s also provided with chemical work
benches for silver can preparation, loading and storage. A fume hood
and large overhead exhaust fan supply ventilation for protection against
chesical vapours.

A floor plan of the laboratory showing its hydrother-
3ai and molten salt facility is shown in Figure 2. fFigure 13 is a
photograph of the pit area showing the larger furnaces and autollaves.

2.2.2 Hydrothermal Crystal Growth Autoclavee

In order to grow crystals weighing 150 grame or wmore
as specified in the contract, it was necessary to purchase vessels of
sufficient cavity size to contain such crystals. The cavity size was
large enough so that crystals at least two inches in width could be
grown in suitable silver cans.

Of the available materials for autoclave constructiom,
that of msximum pressure and temperature (P-T) limits was chosen since,
at the time of purchase, these variables for crystal growth were not
known. It was also necessary to select a seal desigu capable or con-
taining the high pressure temperature conditions. As a result of these
criteria, the vessel as shown in Figure 14 was chosen, - the material
of construction being A-286 whose pressure-tswperature ratings are
30,000 psi and S90°C for 10,000-hour life.

The autoclaves were manufactured by Autoclave Bngin-
eers, Inc., Erie, Pennsylvania, who had deaveloped what is called a "Mod-
ified Bridgman' seal. This seal is that used by Western Electric and
others for quartaz manuracture and believed to be the best workable,
high tewperature, high pressure seal. This seal is described as "self-
energizing"” since it relies upon the internal pressure developed by
the fluid under growth conditions to provide for sealing force. The
vessel is initially sealed by the main nut's downward thrust on the
seal ring and then upward thrust on the piston by means of the set
screws in the lock nut. Opposite screws are tightened in turn by neans
of a torque wrench to 10 ft. lbs. each. This sealing initially causes
the seal ring to make line contacts with the autoclave body and plunger.
As the internal pressure develops, the plunger is thrust upward causing
the seal ring to defora elastically and produce surface contacts.

This self-energized seal provides better sealing as the internal pres-
sure increases.

During the early part of the program autoclave fail-
ure developed as a serious problem. One of the firat four autoclaves
failed because of a flaw in the original ingot from which it had been
fabricated. The failure of the remaining vessels was c»used by stress
corrosion cracking.

=26~
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Pilot Lire (Continued)

Some form of stress and the presence of a corroeive

} atmosphere are the two elements necessary for the ioitiation of this

particular typs of failure. In the case of hydrothermal autoclaves -
used for crystal growth, the foroce is provided by the working pressure

and the corrcsive atmosphere is the result of occasionsal leaks in the

noble metal (silver) container used to hold the caustic solutiovs. -
The three causes of leaks in the silver cans have been: 1) corrosion

; of the silver, 2) improper pressure balance leadiag to can rupture,

5 and 3) faulty welding.

Experience has shown that even a limited exposure is

sufficient to instigate this corrosive force and that failure can occur
- at some later date. A change in autoclave design was suggested to

Autoclave Bngineers to aid in extending the life of a vessel by pre-
venting stress corrosion cracking from occurring too extensively. In
order to do this, it was suggested that the bottom of the cavity be
changed from conical to hemispherical. The conically machined tip was
thought to be a place of high stress and particularly subject to
attack by base. In the five vessels which failed on Contract AF33(637)-
8798, the failure in each case was at the center of the bottom of the
vessel.

.

This conical tip was also questioned in view of the
rather thin wall at :he bottom of the vessels. It was suggested that ‘
perhaps a thicker bottom (increased by one inch) would add extra ‘
strength to counteract any applied stress. Our experience with two
waspalloy autoclaves with 2.5 inch thick bottoms had been favorable in
view of their long life even when subjected to basic solutions at .
higher pressures and temperatures. There were some differences in
conditions to which the two types of vessels had been subjected. The
Wasralloy vessels were used for rudby growth where the solvent is
KaOOy solutions and the working conditions of 25,000 psi and 525°C;
whereas, correspondingly, the A-286 vessels for ZnO growth were used
with KCH solutions at 7,500 psi and 300°C.

Aatoclave Engineers concurred that these modifications
certainly could not add to the problem and could probably help. Ounly
slight addition in cost was necessary to cover production of the
thicker hemispherical end, Figure 15. Two such vessels were purchased
and used with satisfaction during the balance of the progras. This
design change has now been incorporated by Autoclave Bngineers in all
their standard crystal growth vessels.

One other difficulty is noted here since it involved
an unpredicted behavior of the seal. While the seal ring does deform
elastically at lower pressures and tewperatures, it was found that
plastic deformation occurred at higher tewmperatures and pressures .
(SO0 °C and 20,000 psi) which were still well below the maximum tewper-
ature and pressure for which the vessels were rated. This deformation
does not interfere with the vessel closure but does necessitate ma- .
chining the seal ring after each use and careful preparation of all

peaow e e s
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Tilot Li.w {Cortinued)

sealing surfaces prior to use. Machining, lapping tools, and techniques
to produce reliable sealing of the autoclaves are discussed in sectiom
2.2.8.

2.2.3 Silver Cans

Noble metal containers or cans are used in order to
prevent contact of the autoclave body with the basic solution used in
Zn0 crystal growth. This is necessary since the solution would cor-
rosively attack the autoclave metals under hydrothersal conditions.
The containers were nmade of seamliess, fine silver tubing and flat
circles of the same material. The baffle and seed rack were also made
of fine silver. The first silver cans used were 2 inches in dianeter
by 24 inches long.

The design of the silver caa was changed to a complete-
ly sealed system in the course of the program for two reasons: 1) {o
order to contain the large crystals and 2) it became apparent that
better pressure balance could be achieved with a larger can. (See sec~
tion 2.2.4). As the crystals increased in size it was noted that the
crystal growth at the edges near the silver can was being affected by
a restriction in flow of the fluid. Therefore it was desirable to
make the silver can as large as possible. The second can dasign is
shown in Figure 16. The silver materials for the fabrication of the
cans were purchased from Handy and Harmon Co.* in the form of flats,
tubing and wire. The dimensions of the cans, rack, baffle etc. are
shown in Figure 17. After normal machining and cutting to the dimen-
sions specified in Figure I’ the can and internal rack were fusad to-
gether without a fluxing agent using a Miller Welder!* Model 330 AP,
in an atmosphere of argon gas. The final sealing of the can after
filling with seeds, nutrient and fluid is described in section 2.2.10.

2.2.4 large Can Technique

At the onset of this Contract, it had been the prac-~
tice, when using noble metal cans, to adjust the volume of the can
{(internal volume) to be nearly equal to the remaining autoclave volume
{external volume). The problem of using noble metal cans rests in
the different equations of state for water and hydroxide or carbonate
solutions. Since the equations are different, water and any aqueous
basic solutions of the same percent fill and at the same temperature
would generate different pressures. It has been found for all of the

+ Handy and Harwon Co., New York, N.Y.
++ Miller Co., Appleton, Wisconsin.
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Pilot Line (Continued)

cowmon hydrothermil soclvents that the pressure gererated bv a solu-
tion 1s less than that of pure water.

As a result of thes~ {ifferences, .n adjustment >¢
the “ills (internal to external) mu.. be made <o that ut tewmperatures
the saue ‘or.e is exerted bv the base and water Any jrave 1rbalance
of 111! conditions would lJead to severe coupressive oOr ey I\nNsive
damage to the can which rould lead to development or a leak. fecause
of the pressure-tesperature behavior of these fluids, there 1is oniy
one pressure and temperature condition at which there will ba perfect
pressure baiance for any set of filis. o»ee Figure 18.

The void external volume 1s c(btained by mwmeasuring
the volume of the autoclave when e~pty and subtracting the ceocmetri-
caily calculated volume of the can. The percent >f this volume to
be filled with water 1s defined as the external fill. The intermal
£fill is similaviy defined. It is obtained by calculating the volume
of an empty silver can based on its germmctry. From this value are
subtracted the volume of the seed rack and baffle (calculated from geo-
metrical forms) and the volume of seeds and nutrient (calculated from
weights and density of ZnO). This value is then the void volume of the
can and the percent to which it 1s filled with KOH sclution is defined
as the internal fill.

The rigure 1s a somewhat exaggerated pressure-temper-
ature diagram for water and 1 basic solution capable of exerting the
same pressures at one temperature only. If one follows along the lines
as if the vessels were warming; i.e , the temperature is increased.
it will be noted that below the point (F,I) the external or water pres-
sure is greater thau the internal or tase pressure and chus thoe can is
under compression. At {P,T) the pressures are balanced so that the can
is subjected to neither compressive nor expansive forces. Higher tem-
peratures again cause an imbalance in pressure but now the can must
expand. Bven if the equations of sta’c were known, the can would be
subject to comwpression at the run warm-up and cool-down; however, the
fills for the pressure-temperature balance point might be ~alculated
rather than arrived at by experimental observation. Two other points
are worth noting at this time.

In addition to not knowing the equa. ~n of state for
the basic solution, any such equation would not be quite correct since
at operating conditions the solutions contain S - 10 percent ZnO, and
so a further perturbation of the equation would be necessary. Sevond,
the treatment of this subject has been presented as 'hough the systems
were isothermal. For crystal growth, this is certainly 1ot the case
and some averaging of the equations would be necessary to apnly the
data.

The problems of severely working the silver can and

matching pressures can be greatly alleviated by the use of a can which
nearly fills the autoclave cavity. This technique was developed during

- 35~
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Pilot Live (Continucd)

the Ccntract when it was thought that the cans sight sometimes be cow-
pletely crushed when under growth conditions.

By using the large can neither of these cunditions

can occur as readily. For exanmple, if the internal r{ll ls largcr than

1t should be by wome reasonable value, the can will de under cospression
during the warm-up. When the crossover point {s reached, and the tow-
perature continues to increase, then the can undergoes expansioao. 5Since
the vrid volume is so small now a small pe:cent change af the can's diwen-
sions caused by expansion leads to a large perosnt decrease in the void
volume. The large decrease in void volume also has the effect of pro-

ducing a correspondingly large increase in pressure a o external
volume and hence a i1estoration force. In other words. aall expan-
sion of the can's dimensions leads to a relatively lar ‘eresse in

the external volume effectively raising its percent fil.. ur thersore,
due to the closeness of the fit, a bulge cannot occur in .. ' one re-
gion and the expansion is spread out over the eatire length of the can.

In the case of the internal fi{ll being lower than it
s'iould, the can again will be under compression during the warm-'mp.
When the operating temperature conditions are reached, the can is still
under compression; however, the effect is now less since the small coas-
pression of the can leads to a large increase in the external volume.
This increase in external .olume essentially leads to a reduction of
the fill and reacts to lower the compressive force.

With fairly accurate filling, only slight movement of
the walls is required to produce balance. Thus, the gauge pressure is
more nearly the internal pressure and the external fill acts only as a

transmitting fluid.

For the low pressure work the internal fills were
obtained from the data of Laudise et a18 and the external fill from
Kennedy's Tables. Fills for the high pressure work were acquired by
extrapolation of the coupressive fill data.

2.2.5 Hydrothermal Furnaces

The furnaces used to heat the autoclaves are shown in
Figure 19. The furnaces, originally designed and built by Research &
Development Products, Inc., New Market, New Jersey, consist of clam
shell type of heater sections constructed of Nichrome resistance wire
cemented in a grooved ceramic, insulating wool materials and outer
metal shells.

Since the botton section of the autoclave must be the
hotter section, it was found that the bottom should receive the greatest
power and only slight or auxiliary heating was necessary in order to
level out or adjust the proper temperature difference between sections.

-37-
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Figure 19 - Furnaces Used to Heat Autoclaves
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Mlct lire i Continued)

iftar a numoer of failures in *he bettom section, this
section was redesiyned 0 that the bottom of (he vessel  osted oh an
?lectric rance hoater. The main heat was applied to the hottom of the
vemssel by this ¢iertric ranga eliement. Figure 10 . jetter contact
and more even heat Lstribution was achieved by placing an 8" 2 8" x 1/3%
3.a1nless stee]l riate over this heater.

it was found that the amount of power for a fixed set
af ronditions «sried somewhat for each combination of autociave vessel,
furnace and controdler.

.2.6 Temperature ‘ontrol

™4

The power to the electric range surface heating element
or hot plate element 131 controlled by a saturable core reactor through
a1 Weat Programmer Controller; a control thermocoupie is cemented to
the firebrick immediately below the hot plate elewent. The ciam shell
heater is also contrclled by the West instrument by means of a manually
set ratio for power distribution to each furnace element. This dis-
tribution of power {s acrcmplished by the 5-92 cption of the West
JSBG- 3R Program Controller, which allows the output from one tewpera-
ture controller to drive-up to three saturable reactors. In this case
only two reactors are used. A schematic of the control system and
furnace is shown in Figure 21. The control thermocouple supplies the
input signal for the operation of the controller and driver.

The temperatures along the body of the autoclave were
monitored aquring the course of the run by means of four thermocouples
located at 1 1/2" 9 1/2", 21" and 34" from the bottom of the vessel.
The temperature was measured using a Leeds and Northrup Millivolt Po-
tentiometer, Catalogue No. 8690.7

The functions of the various components shown in Fig-
ure 21 are discussed below. A & B are components of a Model JSBG- 3R
Temperature Controller manufactured by West Instrument Corporation,
Chicago, Illinois.

_A -The instument uses a galvancmeter cetector pow-
ered directly by the thermocouple. An opaque "flag" attached to the
galvanometer pointer is positioned so that it can diminisn the light
reaching the photocell. The photocell current is the input to & mag-
netic amplifier, rectifier combination which has a d.c. cutput prop-
portional to the illuminated area of the photocell.

R R A e

+ Leeds and Northrup, Philadelphia, Pennsylvania.




Figure 20 - Electric Range Elewent
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Pilot Line (Contirmed)

B - The set point or control temperature is sadjusted by

moving the light-photocell unit either up-scale or down-scale causing
the tewperature indicator to “"chase" the photocell. An aluminum can
driven by a synchronous wotor is mechanically connected to the light-

photocell unit. The shape of the can controls the position of the light-

photocell unit and thus the temperature.

C - The d.c. output of A i{s further amplified to a
level sufficient to drive three saturable reactors. The reactor dri-

ver with auxiliary driver is manufactured by wWest Instrument Corparation.

D - The d.c. output from C is divided and matched to
three loads, two reactors and a dummy load resistor. Individual ad-
Justment of the fraction of the d.c. power reaching each reactor is
provided for This allows the relative power output of either reactor
to be adjusted. The unit 1s an S-92 feature, manufactured by West
Instrument Corporation.

E - The saturable reactors are rated for five KVA,
220 volt. The a-c current passing through the reactor is a direct
function of <%-c¢ control current. The reactors were manufactured by

West Instrument Corporation.

F_- Directly connected to the furnace units are two,
2 XVA 220 volt variable auto-transformers, manufactured by Superior
Blectric Corporation, Bristol, Connecticut. The auto-transformers
pernit the adjustment Jf tewperature differences between the top and
middle cylindrical heater by limiting the power in the middle heater.
In similar fashion the hot plates and bottom cylindrical heaters can
be adjusted.

2.2.7 Pressure Measurement

Pressure in the system is obtained by direct reading
of Bourdon type gauges connected directly to the internal cavity of
the autoclave. Since the walls of the silver cans are deformed under
only slight pressure, the gauge pressure is a fairly ncsurnto measure
of the internal pressure of the can. Ashcroft Maxisafe®' gauges
(Autoclave Bngineers, Inc., authorized vendor) with Monel Bourdon
tubes and F250-C fittings were used.

2.2.8 Equipment Developed During Contract

Use of the autoclaves and associate equipment required

the development of some additional tools whose necessity had not been
anticipated.

+ Autoclave Engineers, Brie, Peansylvania.
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2.2.8.1 Autoclave Opener

Closure is achieved with manual force only,
according to the technique described in Section 2.2.2. (peration of
the autoclaves proved that the manvfacturer's recommended technique
and tools supplied for loosening the main nut after a run were far

from adequate. In order to unscrew the main nut, and in some cases
provide the only possible technique for removing 1t, a new anvil-
type tool was deveioped (Figure 22 ). This tool was constructed so

that it could easiliy be clamped onto the main nut by =eans of two
bolts. Wwhen 1in place, two stees pins 1n the tool fitted into two
opposi1ng hoies on the side of the main nut. The pins in these hoies
allowed for efficient transmission of the applied torque. For opening
the autoclave, this torque is provided by striking the arms of the
anvil openers with ten-pound hammers. No pressure-tewperature or .eak
condition produced sealing of the vessel which could not be opened by
this tool.

2.2.8.2 Can Bxtractor

Becaus«¢ of improper pressure baiance 7r siow
1e ks in the entire system, there would occur in some cases a puffing
up of the silver can. Due to the proximity of the autociave walls, this
expansion could not proceed too far. The movement of the can s wall
could be stopped by the autoclave walis. As a result »f this liarge
expansive force, the siiver can walis wouid be forced against the auto-
clave making removal of the can extremely difficult.

Whi.e this situation was true of the smali
can and vessei, it is even a greater problem in larger ccns (3 inch
diameter). In order to remove the cans after a iun, an extractor (Fig-
ure 23) was designed and constructed which couid be used with both vessei
sizes. For the smaller can, a large screw was threaded into the top
cap to provide a clasping handie. The cap of the larger can was
provided with a large nut for easy removal. After clasping this handle
in either case, the can is removed by driving the threaded rod with an
electric drili. This instrument has removed cans which appeared to
be impossible to remove manua.ly.

2.2 8.3 Seai Area iapping Tooi and Polishing Tooil

In order to regenerate and polish the sealing
surface of the autoclave proverl;, it was necessary to design and
deveiop two tools, - the final models of each are shown in Figures 24
and 25 .

The lapping tool is made so as to generate
a surface of the proper sealing angle (7°) whose bore was concentric
with that of the threads. This particular alignment was found to be
necessary since the bore used for the threads and that of the autociave
body are not necessarily uniaxial. Deviation from this geometric
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Figure 25 - Pnlishing Tool
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Pilot Line (7 ntyeyged)

configuration leads to seal leaks. The lapping section of the tool
is made ~f cast {ron; the surface of the ilap is regenerated periodi-
cally by milling. The guide in the budy of the tool is made or alum-
{num ard i« fitted for one vessel specifically and used only for that
vessel thereafter.

A polishing tool was also developed to be
used after the seal surface had been ground with the lapping tool.
The mirror polish produced bv this tool was found to be essential in
order to seal the autoclaves for use at coambinations of high pressure-
temperature conditions (>S00°C - 20,000 psi). I(n this case, after the
autoclave has been suitably ground with the lspping tool, the polisher
is placed in the seal area and driven at high speed by an electric
drill. With experience, mirror rinishes are easily attained in a
matter of 2 to 3 minutes. No. 329 aluminum oxide abrasive is suspended
in an cil slurry and used for both the lap and polisher.

2.2.9 Operating Procedure

2.2.9.1 Preparation of Large Crystal Crow:h Autoclaves

After each run in the autoclaves, it was
neccssary not only to clean thoroughly the vessel but also 1o renew
the sealing surfaces and angles. The vessel cavity was scrubbed with
a large diameter (~v3 inch) brush and liquid detergent; it was then
rinsed by flushing with tap water and dried by a stream of coumpressed
air. During each run the seal parts underwent plastic deformation to
a greatec or lesser extent resulting in permanent dimensional changes
in all three seal parts. The ring, cover and autoclave seal areas
had to be returned to original dimensions and surface finish each time
the autoclave was used. If this was not done the seal became unre-
liable. The preparation of each part is discussed in turn below.

2.2.9.1.1 Seal Ring

An expanding mandrel shown in
Flgure 26 was used to hold the seal ring during the remachining of the
sealing =urfaces A modified vernier caliper shown in Figure 27 was
used to measure the critical dimension which was the minor outside
diameter of the taper. The ring was machined to the angles and dimen-
sions shown in Figure 28 . The angles are slightly different from
those prescribed by the manufacturer (Figure 14 ) but only with the
specifications depicted in Figure 28 could reliable sealing be attained.
Both inner and outer angular surfaces were then polished using No. 180
Al3045 U BOND METAL CLOTH from Sandpaper Inc., Rockland, Massachusetts.

2.2.9.1.2 Cover
The sealing surface of the cover

was remachined to the angle shown in Pigure 14 . Polishing of the
surface was done using the same No. 180 cloth as above.

-48-~




s6uiy teas Butuyyowmay 103 13rpuey Burpuedxg - oz 8Bl

05Z° wged qull OSL'S crmeewecurongnd

| gy

11¥2g 8/1

G R ]

-49-

=

"

Call

[ — o ———




v e Ay ey = "'”MNT

i
‘—"N

’3
*+]1°®

Do not Round Corners

Grind Caliper Jaws as Shown.

Figure 27 - Seal Ring Caliper
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S, 1.3 autoc.ave Seal Area

The seal area of the autociave
was lapped with a mixture of 2 v, umes f SAB 20 machtine oil plus 1
volume of NCRTON No. 320 asjuminum oxide abrasive using the lapping tunl
shown in Figure 24 . Lapping was continued until ali traces of fo.mer
sfal marks were removed. The seal area was then polished using WEBT-
ORDRY TRI-M-ITE PAPER No. 320 SILICON CARBIDE (‘M Co., St, Paul, Minne-
sota) and SAE 20 machine oil. The paper was fixed to the polishing
fixture shown in Figure 285 . An eiectric drill c(ontroiled by a vari-
able transformer drove the po.ishing fixture at 200 to 300 RPM.
good polish was recuired, i.e. no visible flaws with the unaided eye.

All parts were scrubbed with de-
tergent® and hot water to remove any residual grit. Prior to assembiy
ail surfaces were wiped with Kimberly-Clark type 900-S Kimwipes satur-
ated with acetone. The vessei was then sealed according o the manu-
facturer's directions.

2.2.10 Nutrient Preparation

ZnO nutrient was prepared from commercialiy available
ZnO powder. Fisher** CERTIFIED ACS grade was used. Depending upon
the cquantity of nutrient required and the availability of a sintering
furnace two sizes of piatinum crucibles were empioyed, either a 250 ml
for the three Inc¢W Turnace or the 5 1/4" x 5 1/4" can for the six inch
furnace. The ZnO powder was packed into the can and the can placed in
the furnace operating at 1100 - 1200°C. After 2-3 hours at temperature
the can was removed. The result of tanis operation was a cyiinder of sin-
tered ZnO. This cylinder was then crushed in a siiver metal tube;
1/4 inch to 1/2 inch pieces were the most desirabie nutrient size.

2.2.11 Soiution Preparation

The solution used for the growth of crystals was
6 molal and was prepared by adding 1009.8 grams of Fisher CEBRTIFIED
ACS grade KOH to 3000 grams of water. Typically the solution was also
0.1 m with respect to LiOH which was prepared by adding 4.19 grams of
Fisher CERT1#18D ACS grade LilCH*H;0 to the 3000 grams of wazer.

2.2.12 Seed Preparation

Zinc oxide seeds for the final and most successfui
portion of the program were produced from hydrothermaliy grown crystals.
The crystals were mounted and cut perpendicular to the <0001> axis

+ Lux Liquid, Lever Brothers, New York, New York.
++ Fisher Scientific Co., 1080 Lousons Kd., Union, New Jersey. Lot
No. 745324 or 714125.
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vield large area plate whose thicknesswes were 50 toc 100 nils. The plates
were then cleaned with methanol and a .mall hole was drilled near one
edge ot the seced. A 2C mil wire was placed in the hole and the seeds
suspended on A silver ring for etching. The ring with the seeds were
tubmerged in hot 10 molal Na(tH (~90°C) for 5 minutes. The ring and
seeds were then flushed in flowing tap water, rinsed in deionized water,
and finally air dried, ready for attachment to the seed rack.

2.2.13 Preparation of Silver Can-loading of Autoclaves

Just vrior to loading the cans for a run, the silver
rieces were cleaned of grease and oil with detergent, washed with
concentrated HCl, thorougly rinsed with deionized water and then allowed

to dry.

Most nydrothermal ZnO crystal growth runs were in
excess of one month duration. This provided ample time given even a
very small leak in the silver can to cause serious damage to the auto-
clave. 1In fact, in autoclave could casily be rendered useless in a
single run. Testing for leaks in the system before use was a prime
requirement for successful operation of a crystal growth system.

During corstruction of the cizs all welds in sub-
assemblies were subjected to a dye-penetrant test® and any suspicious
areas were wel led and tested again. The seeds wera attached to the
sced rack with 20 mil fine silver wire and the nutrient and zinc metal
were placed in the bottom of the can. The seed rack and baffle sub-
assembly was then welded to the can body. Any pressure within the can
generated by the heat of welding was relieved through the twin vent
tubes in the cover. The cover to body weld was then dye-checked and
rewelded if necessary.

One hundred milliliteve ~¥ Anir-pisas 292> were plald
in the can through cne of the vent tubes. The ends of both vent tubes
were then flattened with heavy pliers and the tips fused, thus sealing
the can.

The can was then weighed to + 1/2 gram. Final leak
testing was done by heating the can to 110 to 120°C with a Briskeat**
type D heating tape operating at 70 to 80 volts from a variable trans-
former. The can was kept hot for 15 to 16 hours and then weighed again.
If there had been no loss of weight the ends of the vent tubes were
cut and the test water boiled out. When all the water was remcved,
the KCOH solvent was introduced through one of the tubes which were then
flattened and sealed.

+ Spotcheck, Penetrant Type SKL-HF, Sptocheck Developer Type SKD-NF,
Magnaflux Corporation, Chicago, Illinois.
++ Scientific Glass Co., Blooafield, Naw Jersey.
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The cinn was then Dlzeced 1 the autceclave, along with
tRe ADDronriate external i1l of deronized wateér. The vessel was
closed, the pressure gauge attached and the vessel was placed {rn the
furrace ready f£or operatinn,

2.2.14 Aarm-un
LRSS

Two differept warm-up schemas were used in the course
of this work: (i) progranmed and (b) "as fact as possible.” The pro-
grammed procecdure was used only in the early p.rt of this work when
the operating pressure was low. In this case, the vessel was heated
at a consiant rate to operating conditions over 24, 48 or 96 hours by
using the temperature proyrammer modification on the West Controller.

During the warm-up a low gradient was maintained
betwaeen the bottom and top sections of the autoclave, Since the
seeds were so thin in the early part of the progiam it was found that
by using the slow warm-up with a low temperature gradient that most or
all of the seeds would be dissolved before arriving at growth conditions.

Drastic seed dissolution was prevented by heating the
vessel to operating conditions "as fast as possible', with a high
temperature gradient. This was accomplished by having the power in-
puts on the controller fixed at their ultimate position for operation
and then switching on the controller.

(perating conditions were approached within 2-3 hours
with an additional 13-4 hours required for the entire assembly of fur-
nace, vessel, etc. to attain thermal steady state. This procedure
prevented seed dissolution, and was used for the major part of the
program.

2.2.15 Shut-down

AL the ena o1 the run, the power was switcle? ~“f ann
the autlociave was air cooled; when zero gauge pressure was indicated,
coid water was then passed over the vessel until it reached room tem-
perature. The vessel was opened with the main nut released by the
opener (Figure 22). The silver can was removed manually from the
autoclave or with the extractor (Figure 23). The cap was sawed off and
the ladder removed from the can. The crystals were removed from the
holder by cuttinn the wire and then thoroughly rinsed in water until
all the base was washed away. The crystals were then allowed to air
dry prior to weighing and measuring the thickness with a micrometer.
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1.0 CRYSTAL TROWTH
3.1 Molten Salt

3.1.1 Background for Progran

It had been demonstrated by Nielsen and Dearborn at
Bell Telephone Labaratcry that fairly large (1-2 inch) high quality
plates of Zn(O could be grown using the molten salt technique. After
Jjoining Airtron Dr. Nielsen and Mr. G. Towneend continued growing zinc
oxide plates by the same method. There was no apparent difficulty in
using this technique to grow ZnO crystals which would provide seeds
for the hydrotheraal crystzl growth.

The initial success did not continue and it became
more and more difficult to obtain the plates of size, quality and thick-
ness previocusly observed using the same growth parameters. The diffi-
culties were manifested by the decreasing frequency of successful runs,
crystals of smaller area, and a large decrease in plate thickness.

Attempting to cope with the degeneration of the system
A course was set upon to investigate thermal gradient erffects, furnace
effects and batch size effects.

Tnis difficulty in Yroducing plates by the molten 3alt
apprcach was also noted by Laudise.l Both laboratories then approached
the seed problem by using hydrothermal crystals as a source of seed
plates.

3.1.2 Crystal Growth Experimente

Initially the work began by simply duplicating the
composition and procedures used by Nielsen and coworkers. This work
was quite successful and large plates were easily grown (Figures 59
and 30 ), During this first phase both three inch and six inch
furnaces were used for crystal growth.

At that time not all of the furnaces in the pilot
line were eyuirped with rotating pedestals. It was found that without
rotation it was not possibla tr dissolve ZnO at 1150°C, even with a twenty
four hour soak period. On the other nand with rotation only a two
hour soak period was neccssary to dissolve all the mataeris?

In order to optimize crystal quality and yield, a
series of experiments was begun in which the pedestal position ani there-
fore crucible was varied in the furnace. The purpose in changing the
position of the pedestal was to alter the thermal gradients in the
arlt. By so doing it was possible to have either the top or bottom
of the melt in the hottest part of the furnace. The objectives were
to see if the number of nuclearion sites could be reduced so that the
crysial once nucleated could be induced to increase in basal area and
thickness, and to eliminate dendritic growth. The other important
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Trystal Growth (Cartirned:®
— — N

growth variables o . cnoling rate werae aiso varieq {7 order tn accobe
Pal el the same nbjectives,

The data for the runs i.. this pericd are presented
.n Tables IT and .IT1.

The conditioas used where the best plate was sbtained
are as foiiows:

The starting mix*ure was composed of 25 aole percent
ZnO and 75 mole percent "bF;. The container w.- 4 S i/4" x 5 1/4"
crucibie wit® ~over which wag run in the 0 inc. furnace. The pedestal
pnsition was such that the bottom of the piatinum can was just abcve
tne lower vportion of the furtace hot zone. In termz of aradients thle
would sean that the temperature at the surface of tne melt was highers
than any other part of the fiux. The contents of the cruciJle we:w
s~aked at 1157°C for twe hours with stirring. The timing was sinmped
and the furnace cooled at 1°C per hour. At 1050°C the crucibie was
removed and the solution poured into a sand bath.

With the continued decrease in plate yield, thi-¥rness
and quality, more variation of gradients, batch size, mel: compcsition
a97d soak temperatures were at*tempted. No significant improvement was
obtained by any of these changes, Table IV.

3.1.3 Controlied Nucleaticn and Crystal Growth

As the ZnO - PbF; system continued to dedenerate con-
sidering the size quality and thickness of the plates, more thought was
devoted to how to controi the factors involved in ruc.eation and growth
of ZnO plates. A program was begun to see _.f these ovjectives could
be- accomplished in a moiten salt system. .

In addition tc growing platelets of ZnO which float
on the surface of “he meit, it had been observed that in some ru.s
the platelets ais. appeared to grow in a vertical position rather than
horizontaily. Trc nresence of the verticali plates, Figure 71, supports
the anaiysis that the heat flows in tl.e vortical furnaces in such a
manner as to resu.t in vertical gradients. In order to control nu-
cleatinn and subsequent cryst~. growth, it is necessary to control rot
only the amount orf the gradien*, but also the directicn of the gradient.
Wh.ie large plates have been arown in some cases in vertical gradients,
originally large plates were grown in horizontal ‘urnaces which p:rob-
ably had laterai gradients.

3.1.3.1 Vertical Cradient Method

A vertical furnace that is cylindrical in
construction and further has radial symmsetry about i*s cxis, both
in construction materials and in heat dissipation, has only one
significant gradient, which is in the vertical direction.
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10-4 *2"

Soak
lTenp.
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TABIB III

Mclten Salt Crystal Growth Rung

Soak Cooling Pour

Time Rate Temp. AT

{hrs.) °C/nhr. (°c) {°c)
5 3.5 1000 80-85

-

e e oM -

x

Plates

%
Dendrites

30

70

100

100

400

a3

9?3

Couments

Some plates heaviiy
flux included,
msostly dendtries.

No plates, den-
dritic.

Saome small plates,
no fiuvx {ncluded,
aocetly dendrites.

No plates, duan-
drites.

Deadrites.

Some plates, no
flux included,
dendrites.

Plates have tlux
included den-
drites attached.

Thin plates sowe

good aresas.

Almost no plates.

Flux {ncluded,
no usable plates.
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Table III (Continued)
. Soak Cooling Pour
Crucible Soak Time Rate Tenp. AT % »

Run Position Temp. (hrs.) °C/hr. (°C}) (°C) Plates Dendrites Ccaaents :

—— }

3-11  »1 1160 4 2.0 1020 20 -- 100  Lost cover. |

3-13 +2 1160 4 3 1010 30 60 40 Many small plates.

1 ' 3-13 2 1160 s 2.5 975 30 60 0 Saall plates P
dendrites. n i
3-1¢ +1 1170 4 3.5 1000 20 40 60 Dendrites with w _
many ssall plates. ~ m
3-15  #1 1170 4 3.5 1028 20 40 60 Dendrites with i
small plates : i
. U ;
3-16 +1 1160 4 5 1050 24 75 25 Thin plates mult- M :
iple nucleation. . ' M
i ! . ; m
§ 3-17 11 1165 4 5 103s a3 80 20 Thin plataes. M ¢ M
: . { '
3-1a8 o 1170 4 s 1040 15 40 60 Mostly dendrites. ! {
s ] i L3
’ ,\ 3-19 © 1170 4 s 1023 1s 40 60 Mostly dendrites. | M

o . ! i
| 3-20 +3 1150 4 [ 1030 33 40 80 Multiple rnucleation ‘. _
cool walls. " ~

‘ i
3-31 +#3 1150 4 5 1038 s 40 60 Mostly dendrites. 1

3-322 1 1/2 1170 4 7 1028 as 80 20 Thin plates, :

/ some dendrites. ;
3-23 +11/2 1180 P 7 1040 2s % 10 Thin plates, 1 -2 i ;
) ca? good area. : 4
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P e e e




“$031IPUP pPeYIRIe

IR se vy

-4

oS

~63=

seot < L 4 OSTT g+ 9E-¢
*e8l1yIpusp A13)won L 114 1% 0€01 < | 4 0011 te SE-€
; *SIIFIPUSP A1) eOK SL (14 147 szot 1 » 0611 £+ vE-€
i
“ ‘es1e
pool _wo g-1
.-.nma urqy St " $9 ST seot s 1 4 08tl 2/t 1+ tt-¢
o "e33vrd urgy st 11 st sE0T 4 v 09Tt  e/1 14 ze-€
remyvrd uygy ot 06 re ozol L 2 o8It 2/ 1+ 1E-€
y
‘ePxVY
poof gud g-y
‘saverd urgg < g6 114 otoT < 1 4 SLIT  E/T 1+ o€-€
‘par~ey
IpumeItory ot o8 (34 1120} § € 001 0811 2Z/1 1+ 6g-¢
‘*UOYIIvaTONU
s1dyitne - uyyg 14 1] 114 cLot L 1 4 S8IT  Z/1 1+ 8e-¢
‘83T IPUSD OU 3sOM
1% ‘ssyvid uryy oL Le] (14 001 S y 0811 Z/1 1+ L8-€
‘vaxe poofl ,wd gy
! uryl Inq poon ot 06 134 1150} ¢ 3 4 0LIT g/1 1+ 9Z-€
i
; ‘emyerd uyyy oz o] sz seo1 £ y SLIT  T/1 I+ se-¢
M ‘emyerd uyyy ot 06 sz O£01 € e OLIT T/1 1+ vZ-¢
Sjusmm o $317IpUey  FAI®IL  (D,) BT “IY/D, T -sxqJ) “dm3l Uojijeag uny

X « v *dmey 03wy L 38 Xeos  AIQ¥ONIH
Inod Bugprood  xwos

! (penuyriwod) 111 s1qel

.‘..I..l-.‘l;. [Ere e ~ . oo - o~ — ——— e




3..42

3-.43

3.44

3.43

3-46

Table III (Continued)

» Scek Cooling Pour
Crucible Soak Time Rate Tenwp. 4T % ]
Pogition Temp. {(hrs.) °C/hr. (°C) {°C}) Platies Dendrites
+2 1180 4 5 1040 30 &) 40
(0] 1170 4 S 1035 15 15 as
(0] 1165 4 S 10358 15 25 78
+1 1160 4 5 1040 20 60 40
+1 1150 4 5 1028 20 6C 40
+1 1/2 1170 4 L) 1038 25 75 as
+1l 1/2 1178 4 L) 1020 a3 ¢ 10
+1 /2 1150 4 s 1038 as 8t 18
*1 1/2 1160 4 s 1028 as Q0 10
+1l 1/2 1150 4 L) 1030 as 9 S

Comments

Plates with attached
dendrites.

Almost all dendrites.
Dendritic.

Plates with xttached
dendrites.

Plates with attached
dendr{tes.

Thin plates, some
dendrites.

Thin plates,
1-2 cnd gool area.

Thin plates.
Thin plates.

Good but thin.

®"Crucible Position column numbers indicate position of the center of the can relative
to the center of the furnace in inches.
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<3 h
* Table 1V (Continued) :
1
. Soak Soak Cooling Pour ﬁ
Crucibdble Temp. Time Rate Tewmp AT n % ;
Run PFurnace Position (°C) (hrs) (°Cc/mr) (°C) (°C] Plates Dendrites Comments i
i
3.4 3-1 Center 1190 4 L] 1020 15 10 90 Dendritic gromth, _,
3-4. -2 1" above 1170 < S 10138 3s 40 60 Very thin and
center fragile - ruch den- M
dritic growth.
3-30 3-1 1" above 1180 4 s 1020 10 20 L Alacs t no plates o
Pt
3-51 3-1 1 1/3" above 1200 4 5 1025 3 13 83 No real plate ,
center tormation o
3.5%2 3-2 1" above 1200 4 s 1040 30 3s 6s Consideradle den-
ceanter dritic growth,
some plates. Lo
31-%3 3-1 1 1/2" above 1200 4 s 1010 L 20 80 Alaost all den- % “
canter dritic growth. ;
v
3-54 3.2 1" above 1200 4 2 1035 -20 6s 3s Very thin - bot- o
tottom tom cnol. { _
3.8% 3.2 2" above 1200 4 s 1010 -8 70 30 Bottom cool - i
bottom wall bucleation but . w _
sowe thin plates. . |
(.
3.%¢6 3-2 3" above 1200 4 4 1020 -13 s 3s Scee plates - con- | )
| bottom sideiradble dendri- * g
M tic growth. w ,
, 387 3-1 1" above 1200 4 s 1000 -38 40 60 Very little plate w
W bottom formation, i
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Table IV (Continued)

e, ————— - S O s AT

. Soak Soak Cooling Pour .
Crucible Temp. Time Rate Temp. 4T ] b
Run  Furnace Position (°C)] (hrs) (°C/hr) (“C} :°C) Plates Dendriteg Connents
3-67 3-1 3" above 1200 4 a.s 10238 -18 30 S0 Multiple nucleation
bottom high ZnQO concantration
3.68  3-2 3" above 1200 4 2.5 1728 -8 60 40 Thin plate, cousicer-
bottoa able wall nucleation-
high ZnO.
3-69 3-1 4" above 1200 4 8 1050 -10 40 60 Wall nucleation -
bottom high ZnO.
3-70 3-1 4" above 1200 4 4 1050 -5 43 55 Some plate forma-
bottom tion - high ZnO -
wall nucleation. ;
L] & ”
3-71 3-2 3" above 1200 4 q 1090 -10 60 40 Some plate forma- ©
bottca tion - high ZnO.
i-72 3-2 3" above 1200 4 o 1010 -10 33 43 Thin plates,
bottoa dendrites - low ZnO.
3.73 3-1 4" above 1200 4 2 1040 -5 50 50 Swall plates,
bottom dendrites,
3-74 3-1 4" above 11 00 4 4 1030 -10 4«0 60 Ssall plstes - poly-
bottom crystalline, medium
ZnO0.
3.7% 3-1 4" abdbove 1200 4 3 1040 -3 50 30 Small plates - medi-
bottom ua 2nO, wall nuclea-
tion.
- hin ganing -~ ——————
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Table IV (Continued)

. AT QAN

Soak Soak Cooling Tour
Crucible Tewp. Tims Rate Temp. AT ]
Run Purnace Pos.tion (°C) (hre) (°C/hr) (°C) (°C) FPlates Dendrites Comments i
L6 Lindberg Horisoutal 1200 6 13 850 --- -- -- Interrupter fafled
furnace -
niddle
L7 I.indberg Horizontal 1200 4 4 1028 --- 60 L) 24.7m percent Zn(.
furnace -
back
L8 Lindberg Horizontal 1200 4 4 1028 --- 20 80 25.% parcent InO.
furnace -
front m
L9 Lindberg ‘'iorisontal 1200 4 4 1028 --- sQ 50 26. % percent IZnQ '
furnace -
aiddle
L10 lindberg Horisontal 1190 L) 6.5 1000 --- 20 80 Too much evporatioa.
furnace -
front
L1l Lindberg Horisontal 1190 ) 1.8 1000 --- <0 60 Too such evporation.
furnace -
middle i
112 Lindberg Horisontal 1190 e 1.8 1000 --- SO S0 Too wmuch «vporation. :
furnace - 3
back w

High concentration 37w percent
Msdium concentration 36a percent
Low concentration 25a percent
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Figure 31 - Cross Section of Molten Salt Crucible
Showing Growth Directions of Zinc Oxide
Platelets
!
ty
i
A e
t

' i
’ -71- ?
!




[

3]

PR S SPUN

T S W SRR

Crystal Growth /Continued)

The center of the furnace is the hottest
point, and temperature decreases with distance away from the center.
A crucible placed above the center would ha e the bottos higher in
tewperature than the top, while below the center the opposite conditions
would prevail.

Routine batch weight for a ZnO 4 PbF; run

is obtained by filling the crucible with the maximum asount of powdered
chemicals which, after welting is only about one-third of the diameter
in depth, or quite shallow. Since the temperature gradient is vertical,
the temperature difference tends to be estadblished frow top to bottom
of the melt; however, since the melt is so shallow this difference ie
small. Therefore, increasing the depth of the melt would increase the
tewperature difference between top and bottom of the melt.

Also, evaporation of PbF; from the melt raises
the ZnO content of the welt which can cause nucleation when it {s un-
wanted, i.e., during the scak period. The rate of PbF; evaporation
should be dependent on surface area of the melt and surface temperature
only. For the same surface and surface tewperature the rate of evap-
oration is independent of melt depth.

ThererXore, the increase in ZnO concentration
for a given amount of PbF; evaporation can be greatly reduced simply
by increasing the depth of the melt in the crucible.

Generally "doublie batch”™ runs were made with
only 1. Jted success (Table V). It was considered more profitable to
pursuc. the use of lateral gradient in order to grow plates on the sur-
face of the melt in the crucible.

3.1.3.2 Lateral Gradient Method

Evaporation of PbF; from the surface of the
melt causes a thin skin of melt to be enriched in ZnO. With the
appropriate vertical gradient, at some tewmperature during the growth
cycle, crystallization should occur at the coolest point in the ZnO
enriched surface layer. Though it is conceivable that sowe other
region of the melt could nucleate before the surface skin, in practice,
the melts are quite shallow, i.e., depth approximately one-third the di-
ameter, and a significant temperature difference between the top and
bottom of the melt seems unlikely.

If the rate of growth across the surface of
the melt was to be countrolled, {t was only reasonable that a lateral
gradient be employed to produce the nucleation site near the edge of
the crucible.

Modification of the Lindberg furnace (a

furnace with a horizontal muffle) to provide a variable lateral gra-
dient was accomplished. Additional thermocouples were installed on

-72-
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Table V (Continued)
Cool Soak  Soek Withdrawal
Furnace Rate Temp. Time Temp.
Run No., Charge K Loes °C/hr. (°C)  (hours) (°c) Comments
203  H-3 D -- s 1200 s 1040 Large plate.
204 H-3 D -- L 1200 s 1030 Large platte. _ g
208 6" s -- s 1300 s 1028 Medius plate.
206  H-3 s -- 4 1200 s 1030 No growth.
207 6" s -- 4 1200 s 1050 Medium plate.
208  H-2 D -- 4 1200 s 1050 Seall plate.
209  H-3 s -- 4 1200 s 1060 No growth.
2 210 H-2 D .- 6 1200 s 1080 Mo growth. ..w
X 211 en s -- 3.8 1200 s 1030 No growth.
212 H-3 D -- 4 1200 s 1030 No growth.
ﬂ 213 H-2 s - 4 12-- s 1050 Small thin plate. |
“ _ 214 H-2 D -- 3.1 1200 L 1050 No growth. W,..
| 215A L s as 3.1 1200 5 1030 B,Oy - small plate.
_._ | 2158 L s 12 3.1 1300 s 1050 Small plate. »
C 216  H-2 s 40 3 1300 s 1050 Mediuwm plate.
7A L s 23 3 1300 s 1050 Medium plate-BgOy added.
- m NA L s 16 3 1200 ; S 1030 Hedius plate. 3
i |
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Crystal Growth (Continued)

either side of the position where the crucible is placed, Figure 32.
By weans of these thermocouples, the actual gradient across the diame-
ter of the crucible could be measured at any tise curing a run.

Tests showed a gradient of 33°C acroses the
crucible; therefore at a cooling rate of S°C per hour solidification .
should advance from the nucleation site on one side of the crucible
to tae opposite side of the crucible in seven hours.

Another attewpt was made to achieve lateral
gradients in a vertical furnace by removing two of the heating elewents
from the circuit. In essence this created a cool side on the muffle.

A temperature gradient of 7°C across the melt was achieved, in Purnacs
H-3. This gradient was measured by mssans of two thermocouples shich
were strapped to the pedestal, Figure 33. In cooling the furnace,
therefore, nucleation should occur only on one edge and continue acrose
the top of the melt.

Some success was achieved using this furnace
and technique. The plates though somewhat larger were still thin.
While the iwportance of thermal gradient effects proved to be signifi-
cant it became clear that such gradients were not the only factor in
determining the size, thickness and quality of ZnO plates grown by
this technique. .

As the hydrothermal crystal growth isproved
it appeared that, although the gradient control could be developed to .
produce larger crystals, the hydrothermal seed problem would most readily
be resolved by utilizing the hydrothermal system to generate its own
seeds.

3.2 Hydrothermal

3.2.1 Low Pressure Crystal Growth

Shortly after the program was begun Laudise, Kolb and
CAP&IASO published a paper in which they described a set of conditions
at which ZnO crystals could be grown using the hydrothermal technique.
As such the conditions provided an excellent "jumping-off point" for
the contract. After several preliminary experiments with the auto-
clave pressure testing, furnace calibration and pressure balance, the
first attempts were made to grow crystals. The major differences be-
tween the two laboratories were in the sizes and types of autoclaves.
The ZnO crystal growth was developed at Fell Telephone Laboratories
using rather small chambered silver-lined Morey type vessels (maximum
internal cavity size 1-3/16" diameter x 6-7/8" long). The Airtron
vessels have been previously described in this report.

The first attempts at crystal growth failed using
the Bell Telephone Laboratories' parameters. The most apparent reason .
for failure was in the warm-up procedure. The wars-up procedure em-
ployed by Bell Telephone Laboratories was what would be considered slow,

TR Ve 4N e
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center of the
pedestal TC-3

"“Globar'' Elements

Thermocouple threugh

S

Thermocougple attackeéd 20 side
of pedestal TC-Z

Figure 33 - Three Inch Furnace Showing Thermocouple
Positions for Measuring Lateral Gradient
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Crywtal Growth ( Cont{nued)

i.e. over a twenty-four hour period. Because of the alffersmce in
autoclave gecustry, silver liners, etc. this approach did not work
At Airtron. Instead it was found that with this procedure in many
cases the seeds would be completely dissolved. This was not unres-
sonable since the seeds ware only 10-15 ails thick and the volume of
solution was approximately 1.3 liters.

After some experimentation with wars-wp procadure it
was found that the best technique at Airtron was to warm up the vessel
to operating conditions as quickly as possible. In this way the seeds
were ratained and the growth of crystals begus. The data for the
initial greeth runs with the warm-up procedure experimeunts is preseated
in Table VI, and a photograph uf some typical crystals are shown in

Fgure 34 .

Once having obtaineu a suitable mre-ep procedure the
following task remained:

1} To improve the quality of the crystals.

2) To eiiminate the corrosive attack of the
silver contaiver (see section 3.2.4). !

3) To attempt to obtain umiform growth rates
at all seed positions Dy baffle area - F
changes, and changes in the amounts and ’
position of insulation.

4) To maximize the growth rate yet maintain
or improve the crystal quality.

S) To develop high quality seed crystals of
large basal area by successive hydro-
thermal growth rune. (see section 3.2.3)

Work on the above cbjectives was performwed during
runs Mo. 44 through No. 63. The operational crystal data for these runs
is presented in Tables VI and VII. With regard to ocbjectives 2 and 3
the results and discussions of these are presented in separate sectious
of this report. Anp idea of the improvesment in quality during this period
can be obtained by comparison of the crystais shown in Figure 34 (Run
No. 39) and P{gure 35 and Figure 36 . PMgure 36 is the top sectioco
of a crystal froa Run No. 51 in which the seed was removed.

The improvewment ‘n growth rate sniformity can ba seen
from the data presented in Tablee VIII and IX which summarises the
growth rate for each crystal for Runs No. 46 through Mo. S4. In geoeral
it was found that the seed(s) in the upperwost position were the fast-
est growing. This is to be expected since it i{s the one which sees
the greatest AT. The seed(s) nearest the baffle exhibit the lowest growth
rate because {t is the one with the lowest AT. Is order to obtain a

-79-
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Run
a7

29

30

3l

o} |

1

Solvent

6 molal KOH
presaturated
with ZnO

0.2 molal
LiOh added

"

Nutrient

ZnO eintered at
11%0°C for 2
hre., broken
into 1/4" to
3/8" chunks

"

(4]

"

TABLE V1

Crystal Growth Operational Data

Internal £4{11 External Bbeffle Wars-up

(silver can) ti1l area Tims AT
) ) o) (hrs} (°C)
a3 70.6 8 a4 18
83 70.6 a 24 17
a3 70.6 10 a4 24
83 70.6 10 a4 20
83 70.6 12 24 8
83 70.8 12 24 30
83 70.6 10 o2 34

Regulte

Some
growth

Scome
growth

Some
growth

Growth
on seeds

No growmth
sseds dis-
solved

Almost
no growth

Seeds
thick-

Comesentys

Weld leaked
seeds thickened.

Weld leaked,
thin seeds
dissolved.

Weld leaked.

Hot plate and
side units, riil
error, can
crushed.

Used aide hext-
ers in addition
to hot plate.

Took insulation
Mt of center
section of fur-
nace.

1 day at opers-
ting conditions.

T —gr—————
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Figure 134 - Hydrothermally Gr-.n Zinc Oxide Crystals
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Run TIp Tn It AT P
No. (°C) (°c) (°c) (°C) (psi)
50 ~--  me= ee- . eee-
87  cce eme ca- . ame-
S8 332 317 317 15 8500
S9 328 313 313 1S 9000
63 332 317 317 15 9000
64 400 388 1388 12 19400
60 341 338 327 15 19700
61  —-e aee a-a .. ema-
62 415 393 1390 2% 22000

Table VII (Continued)

LiOH Operating

<Q0Q1>

Conc. Time Average Growth Rate
{m) (days) (mils/day)
0.2 13 3.8
1.0 42 7
1.0 33 1-2
0.2 18 18-23
1.0 5 1
0.2 -- -———
0.2 11 3l

Rewmarksg

Au plated can.
No silver attack.

VMOF - seed develop-
ment.

Silvexr attack. Flawed
growth - VMOF.

1 inch vesasel, 7.35%
baffle.

Failed daring warv-up.

1 inch vessel, 158
baffle.

3

!
§
{
i
:
L)

g




Figure 35 - Hydrothermally Grown Zinc Oxide Crystals
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Figure 36 - High Quality Crystal from Run No. S1
with Seed and ¢~ Side Rewmoved
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Table VIII (Continued)
. Sesd ard Crystal Data 1'or Run No. 43
Total (0001) (0001) Total <0001> <0001>
Rack Weight Thickness Thickness Thickness Growth Rate Growth Rate Growth Rate”
Pogition (grams) (mils) (mils) (wils)  (mils/day) (mils/day) (wile/day) -

1 33.6 233 176 57 8.0 6.1 2.0 x
2 20.1 206 153 s3 7.1 5.3 1.8
3 5.7 191 116 75 6.6 4.0 2.6 -
W 1 4 17.58 190 151 39 6.6 5.2 1.3 m
| s 9.8 153 113 40 5.3 3.9 1.4

¢ 5.3 109 109 o 3.8 3.8 0 3

6 2.2 118 118 ) 4.1 4.2 ) .

Czanwnnn»nn Thickness of Seed.

R I R Rt




i

,
: | i
WM Sertgnfee~t snanSyngndgy eg-egmgeses aaqaune i
.
. m.l ,. - m [ 335 " i
o HE reeseanane panmnasasana waseennzeny 0299458
T ’ &

NISITILINGS 2IVI9SS

‘lq! 1
64
57
59
49

X
for
Seed
Thickness
-89

o
-
] s M“ 16063‘067‘7 NN NOO0O~NNNY 5130‘548810 ~oOeNNnoN
0-........-. e 4 o ° ¢ o 3
-l 3531 111 -9 4N O® « 4 -]
| 3 dadd RIQIANo9dddd didddvgeddg idsdgy
m *
3
m
i i

ok

~nABITaSBIR ABRISARIEIL L ARISLI8 88 o

NN YN O

Rack
Poaition

i o8

Run No.
46
47
48

49

Bt ol I A o e s o e 4 i Bl sl A




S e el e B

e

gy kY
T

211-334

IX (Continued

Crystal
Thicknese Growth Rate

Seed
Thicknsss

(wile)

(mils) (sils/day)

Seed
Weight
Sgme)

i ack

Pogition

Run No.

tRONBONNNNANOO

3233838835

nRREARRNRE

rtNNO~O0vTOarn

aIRARIANg

“~amenddlfe

372
381
404
313
201
77
223

98

39

és
54
43
60
39
35
a1

OO O~NO~™N O
a s & o e s s 9
P ONN NN~

NN NOND

51

RRATARRASR
BL2225843%
oA N B A e B | -

23R5AIRRIN

~fOo0MEROONDO
+« ¥ 8 W v 3 =+ 0
0.5132221 ~

123‘56789-@.

52

uugmﬂlﬂvl

§332848%

SY9YORNONKN

¢« & o v e s e »
- ON O ® N
4 4

MY NON O

53

xAnQe8e”

IRARKAN

INISKRS

¢T9eHOmONYG
* o e o

coerNon®

M NeNON

<90




211-53
Crystal Growth (Continued)

uniform growth rate it is necsssary to sake the growth chambar as nearly
iescthrrmal as possible. This could.only be accomplished by adjusting

- the baffle area (5 - 10%) and experimenting with the quantity and posi-
tion of ioeulating material oo thse top of 2 ::toclave.

Muring this period {t was found that at rates in
excess of 15 mils/day the crystal quality was gemerally poor and that
the slower the rate the higher the quality. Ihe lower quality was
sanifested by crevice flawing resulting from differemces in growth of
the < 10I1> and <0001> directions.? While the presence of Li* aidcd
in reducing this crevice flawing, growth rates of 13 uils/day were still
too great to result in high quality.

The crystal structure of ZnO i3 such that the <«0001>
and <0001> are not equivalent and therefore the growth rates in the two
directions are pot equivalent. It was found that the. zates is the <001>»
or ¢c* ware 2-3 times faster than thy €001> oz c=. In addition to the
anisotropy of growth rate the quality defects wers of a different
pature. The crevice flawing previously described occurs in the c*
direction. The defects on the c~ faces were in the forms of dendritic
growth along the <1011> direction.

The anisotropy of the electrical resistivity of material
in the c' and ¢~ sides of the seed will be discussed in a later section

* of this report (4.2.1).

' The following susmary gives the conditions which were
. found sui table for the growth of high quality crystals at low pressure
conditions at that time:

Crystallization Temperature- ~~A00 *C .
Nutrient Tewmperatur@---c---- ~~330 °C ’
AT——.----------------.- ~3).C

Pressure--«---- - 8000 psi

Solvent comea - GakKOH

Lithium ConcentratioBe-ccca-- 1.2-2.0 =
SeedSerccncccnnnaca s - - High quality
WarS-uUp~ccecca- - As fast as possible
Nutrient-- ——— Sintered ZnO powdsr
Baffle Area--- 7.5-10%

Autocla -—— 3in, {.4.

Silver can 2.0 in o.d.

Internmal fill a83%

External i1l 78%

3.2.2 Hydrothermal Seed Development

During the course of the contract a program was begun
to mse the hydrotherms! system to produce large area seed crystals.
- This program had not been anticipated at the begimning of the contract
since in its original corcept the large seeds were to be cbtained by

-
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Crystal firowth (Continued)

the wmolten salt techmique. As the contract progressed, however,

1) the wmolten salt technique failed to yield repro- -
ducibly large high quality crystals.

2) it was found that hydrotheroal crystals could be .
sliced and used as seeds for subsequent runes.

3) at conditions where high quality growth was pro-
duced a "healing effect” of cracks and other de-
fects took place during the crystal growth and,

4) in addition to obtaining grwth in the (c*) aud
(c”) directions, significant lateral growth {.e.
in the (a) and (m) directions, also took place 1
thus enlarging the basal arsa of the crystals. }’

T T T T T T T ¥s

It therefore seemed appropriate to begin a prograa
wherein the largest hydrothermal crystals of reasonably good quality
would be sliced into a seed crystal and used in the subsequent run.

This program was begun using a high quality seed whoee
area was 9.2 cm?. Table X susmarizes the data for the development
of the seeds giving an indication of the increase per run over a four
run period. Figure 37 also shows several crystals from subsequent runs
to indicate the increase in crystal size from run to run. The increase :
in size as shown in the figure and table is indicative of the way—im-:- :
which the program progressed. Finally in the growth of large 150 gram * '
crystals the basal area of the crystals was greater than 28cm?. The !
average growti rate in the (a) and (m) directions during this period i
was found to be 4-5 mils per day.

o — . = o Bt

One problem which was discovered in the lateral growth
during this period was concerned with the observations of a phenomenon
known as "electrical twinning." This growth defect was first noted in
the crystals grown in run No. 59 which utilized a gold plated can.

The crystals were exanined with a U-V mineral-light
(3660A°) which caused almost the entire (0001l) surface of the crystal
to have a yellow flucrescence. The (000]) surface only fluoresced y
below that area where the (00Ol) surface did not fluoresce. Further ‘
examination of the crystal surfaces showed that on both sides of the
crystal the areas which fluoresced were smooth, and not flawed. It ,
appeared that these smooth areas which fluoresced might be (000l) faces
and that a reversal of crystallographic orientation had occurred. Sach
a reversal would account for these observations such as shown in Figure
38 . Btching the crystals in sodium hydrowide solutions was found to d
reveal the differences in orientation quite nicely. On the (0001)
surface the etch produces a matte appearance while the (0O0l) surface
remains shiny. The etch rate is also greater for the <0001> than .
the <0001> and as a result an etched (0001) surface, the material just
described, will have islands of (0OOOl) surface where tkis orientation

-92-
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TABLE X

SUMMARY (F DATA FUOR BASAL AREA INCREBASE
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Figure 37 - Crystals from the Seed Developaent

Runs Showing Basal Area Increase
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Crystai Grawth ‘Caontinued)

reversai occurs. This type of orientaticn reversal has been found to
occur 1n quartz and 1s calied "electrical twinning."

Etching of ZnO crystais in 10 w NaCH at 90°C for 13-
30 minutes was found to deveiop different etch figures or patterns of
the opcosing pole facee. The figures are somewhat different than thoee
reported Yy Mariano and Hanneman+4 who used a HNO, etch. In this case
the (D001) faces etch very Juickly leaving the surface with a somewhat
duli finish. The hwloi) faces etch more slowiy and are shiny except
for the pit produced by the etch. Typical etch gtructures are shown
in Figures 39 and 40 for the (000.) and (0OOl) faces, respectively.
The patterns on the (000.) surface 1s formed by the production of hiil-
ocks on the surface having the appearance of small hemimorphs in agree-
ment with the natural crystal morpho.ogy. Two patterns are present oo
the (000i) surfaces. One is the pits w.ich appear as hexagonal or par-
ailelogram-shaped pits with flat bottows. The other is a pattern or
network of lines which may be siip -ine: and due to the microscopic.im-
perfection of the crystais.

These etch patterns ciearly reveal the existence of
poie reversal in the crysta_s when the various sections are examined
microscopicaliy. The areas of such electrical twins on a grown crystal
are shown in Figure 41

Unfortunately the seed development program was slowed
down by the discovery of such twins. The edge of the seed plate there-
after was trimmed of any of the "electrically twinned" materia. thus
reducing the basal area. Nonetheiess the programs stccess is notabie
when the finai seed plate area and iarge crystal growth are considered.

3.2.2 High Pressure Crystai Guoowth

The dramatic increase in qrowth rate with increased
pressure in the hydrothermal growth of rubyl3 led to speculation of
what might happen in the case of ZnO. The only reason at that tioe
for operating beiow 10,000 psi was that this was the region used by
the Bell Laboratory workers, who were _imited by the pressure capa-
bility of their vesseis.

The first high pressure ZnO run attempted at Airtrom
produced reiativeiy high quaiity crystals and at what appeared to be
higher growth rates.

Subsequent runs indicated that the rate is undoubtedly
more dependent upon crystailization temperature, AT, impurities than
pressure. The growth rate in this first experiment was 26.0 uniisiday,
Run No. S2. Although no subsequent run was made at exactly the same
conditions at even higher pressures much .ower growth ratas were ob-
tained. Scanning Tabie XI willi reveal that lower rates were observed
even when the variabies other than pressure might be expected to pro-
duce higher rates.

-96-
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Figure 40 - NaCGH Etch Pattern on (oooi) Sur face
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Figure 41 - Phtomicrograph of ZnO Electrical
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TABLR XI ( Continued) !
. .
-
<0001>
LicH Operating Average Growth
Run Ha ™ Tt AT Pressure Conc Time Rate
No. {07) (0°) (0°) (0°) {psi) (m) _(days) uils/day Remarks
79 310 270 274 38 26,000 1.0 60 10.9 2.0m Zn added - $ «
large crystal run .
¥
| 80 Vessel leaked i
81 3113 299 293 16 22,500 1.0 20 10.3 1.3 inch vessel- 3
doping run F 7
A 82 312 270 274 40 25,500 1.0 56 7.1 2.0 gm Zo added - =
; ) . large cxystal run " -
4 83 313 296 290 20 25,000  0.7s 29 7.4 1.5 inch vessel -
i doping run
84 312 298 294 16 22,400 0.40 29 8.6 1.8 inch vessel - w
y doping run -
es 312 21 273 €0 25,200 1.0 s6 5.7 2.0 gm Zn added -
large crystal run
1
4
]
a
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Crystal Growth (Continued)

When the number of possible variables in the system
are considered it is obvious that the total mumber of runs sade through-
out the coursc of the contract could not possibly examive each ooe
thoroughly. Furthermore, even reducing the oumber to what are gtabnbly
the principal ones i.e. crystallisation temperature, 4T, and Li~ ocoo-
centration, it is ocbvious that the number of exploritory runs could
not possibly be expected to yield exact curves which could be used to
interpret the crystal growth results. At best these few runs, SUEBAI-~
ized in Table XI, can only be interpreted as trends and comparad to
those of other more documented hydrothermal crystal growth systems. By
approximately selecting the runs so that all but one of the other para-
meters are approximately the same in value, some comparison and oon-
clusions can be extracted.

For instance the growth rates for Runs No. 62 and 71
are 31 mils/day and 5.4 mils/day, respectively. If the difference in
Li* content is neglected at the other variables except temperatures are
nearly the same. As would be n?cctod the ign increases as the tempera-
ture increased just as in quartz” and ruby .

Similarly cowparing the runs made for the growth of 150
gm crystals (the last five in the table) with Run No. 74 some indication
of Li* effect on growth rate can be seen. The large crystals were grown
with 1.0m Li* ion present in the growth fluid. In Run No. 74 the L’
was inadvertently omitted from the run. The tewderature pressure, and
AT conditions were nearly identical for all runs so that the almost
double rate in the case of zero lithium must be due to the impurity
effect.

If now runs No. 62, 66, 68, and 70 are counsidered
and the difference in Li* content is disregardsd, one can see the
effect of AT on growth rate as with quartszs and ruby. The increase in
rate with AT appears to be linear (Figure 42 ).

The last five runs listed in Table XII also demonstrate
the reproducibility in the process. The difference in rates in these
five runs is only 2 mils/day. As can be seen from the data in this
table and also Table XIII the crystals were grown under vory similar
conditions and the growth rates from top to bottom of the chamber is
quite uniform. The data prove that the system can be run in a produc~
tion manner for the manufacturing of large zinc oxide crystals.

The growth parameters found most suitable for the
¢rowth of these large crystals are summarized below.

Nutrient Tewperature- ————— 312°C

Crystallization Temperature- -274°C

Pressur@--cceccccecweas ———————— 25,000 psi

Base Concentrationececccccceccncccccccce-=-6 m K(H

Lithium Concentratiofeece«- 1.0 m LiCtH
-101-
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Rate (mils/day)
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Figure 42 - Growth Rate vs AT Noglecting
Li* Concentration Differences
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TABLE XII
. Summary of Selected Nig Pressureg Qn‘_‘.! Groweh &n
R T cryst. AT 4" ceme. -“0001> Rate
- No. (O () ) e Cletlen
62 390 as 23000 0.3 31
64 388 12 19600 0.3 2
66 k76 14 19700 1.0 16
) o8 389 (] 19300 1.3 11
70 909 . 19800 L@ T T G T e
71 rr 22 33400 1.9 S.4
74 ar3 38 28200 o 12.0
81 293 16 22300 1.0 10.2
. 83 290 20 25000 0.73 7.4
8¢ 294 16 22400 0.40 8.6
) 76 274 36 24500 1.0 7.8
78 74 33 260C0 1.0 7.9
79 74 3s 25500 1.0 6.3
82 274 40 25500 1.0 7.1
as 273 40 253C0 1.0 5.7
-103-
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18 2.2 3.0 -- ——- .08 -
1C 2s.7 .7 le8 213 .87 s
2a 10.1 19.3 76 119 .67 3
2n 26.2 37.1 174 226 .79 4
M s.1 12.3 4 77 .53 s
s 18.6 29.8 107 138 .81 3
“ 10.6 13.3 129 42 .19 7
« 18.3 28.3 104 148 .72 3
sA 18.7 3.1 73 123 .80 .
sB 6.2 12.8 49 62 .47 2
& 20.0 28.2 115 171 .59

68 7.2 14.0 55 80 .49 2

. .
TABMLE XOII
SERD AMD CRYSTAL DATA PR RUN No. 38
Crystal weight (grams) Thickness (mils) Growth Rate .
No, Before Af ter Refore After _{grame/day) (wils/day)
1A 13.2 25.1 90 137 .9 3 .

)
i
.
1
1
R
o o
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TARLE XIT1 /~or+~ued)

SEED AND CRYSTAL UATA FIR RN MY, =9

Crystal Weight (grams) Thickness (mils) Growth Rate

No Aerrre  Alter Botore Aftar Mm/mslfhl)f
1A 25.1 a9. 7 137 27 1.5 s .
8 3.0 10.7 - -— —— -

1 0.1 110.7 HO 366 2.2 7

2A 12.3 61.5 -7 166 1.2 7
28 17.° 113.3 68 358 2.3 7

3A 29.8 102.8 158 465 1.7 7

»n 18.6 108.9 84 348 2.2 ]

4A 28.3 97.2 148 391 1.6 6

4B 28.2 116.7 115 405 2.1 7

SA 13.3 33.0 430 787 1.0

SB 16.9 98.4 62 342 1.9 7

6A 38.7 93.3 <13 434 1.3 5

6B 17.4 84.0 82 297 1.6 5

SSED AND CRYSTAL DATA FOR RUN NO. 60

1 2.8 2.9 56 62 —— -
2 3.6 3.7 60 65 —— -
3 3.0 2.9 46 50 — -
4 2.7 2.3 48 50 _— -

SBED AND CRYSTAL DATA FOR RUN NO. 62

1 1.6 19.7 40 383 -— 31

2 2.8 l<.0 a8 347 ——— 24

2 1.0 5.5 48 182 ——— 12

4 l.4 2.9 56 140 - 8
-108-
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Crystal
Ny,

1A
1B

A

ac

48

SA

5B

1]

Weicht (grats)

- R W T PR T
.

M fore Aftwy
10.3 15.3

S.4 27.%

9.4 21.¢6

2.9 5.7
19.0 4l1.4
1i.5 43.8

1.3 -
14.6 26.6
16.0 34.1
10.5 21.3
11.1 21.4
13.5 21.1
12.9 22.8
10.3 18.9

- - e o e s+ o e
TARIR XJI! (Continued)
SHED AND CRYSTAL DATA FOR RN NDO. 613
ickness (=ils) Growth Rate
Refore After  (grame/day) (mile/cay)

61 148 ~-- 2.6
4 110 --- 2.3
59 133 .- 2.2
62 126 —-- 1.9
A0 225 --- 4.3
78 153 - 3.3
94 187 - 1.9
79 164 ——- 2.7
72 135 ca= 1.9
67 134 ~—- 2.0 )
94 138 --- 1.3 .
77 127 o 1.5
70 123 - 1.6
-106-
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Crystal
Noy

1A

iB

4B
SA

3B

()}

Weight (grawms)

TABRLE XII! (Zontinued)

PR Py PR

SEED AND CRYSTAL DATA FOR RIN MO, 64

™ickness (wils)

Jefcre Afror
17.7 2.1
10.6 13.4
13.7 64.3

R.,2 53.3
2.8 11.0
18.3 73.9
11.2 %6.2
9.8 50.8
7.7 48.9
26.2 78.8
2.5 43.7
14.7 47.6

Growth Rate

Batore After (grame/day) (pile/day)
-3 ] 453 R 32.8
Al 409 e l18.8
6l 372 —-- 18.3
63 191 —- 7.8
71 41 - 19.7
64 o1 - 13.9
52 316 ce- 14.4
44 258 - 12.6
a9 388 e 1s.8
79 278 - 11.7
62 319 -——- 15.1

-107-
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TABLE XI1! [Continued)

CEETY AND CRYSTAL DATA POR TN NO, 695

Crystal Wet Rt g ans ) TSickness ‘wils) Growth Racts
No, Re?: :o ~fter Nefnre After (grams/day) (aills/tay)
1A 1.4 90.1 131 472 1.81 2.0
B 3.6 - 62 - -~—— c--
ic 15.2 60.1 1Co 130 1.18 6.1
2A 21.1 86.5 133 419 1.72 7.8
28 5.6 4.7 130 360 0.%0 6.1
3A 22.7 97.7 128 393 1.97 7.1
38 31.3 70.3 133 336 1.29 5.3
44 2.4 17.8 5SS 297 0. 40 6.4
48 18.7 78.5 122 428 1.57 8.1
3C 3.3 18.8 61 293 0.41 6.1
5A i1.3 62.7 a1l 343 1.35 6.9
B 9.8 57.6 66 331 1.26 7.0
G 4.6 0.1 57 a7s 0.67 5.7
6B 1.8 13.3 53 291 0.30 6.3
6C 7.7 46.4 68 332 1.02 7.0




TARLE XIII (Continued)

SERD AND CRYSTAL DATA FOR RUN NO.

!
!

; - Crystal Wweight (grams) Thicknesy (wile] Rat
5 No, Before Afte: Before  Afteg 29_2[&0 (m11ls/day)
Lo 1A 16.2  9s.1 73 384 31.0
18 17.7 32.53 - .- J3.99 o
1C 21.1 97.4 7 4«09 3.08 2.6
- 2A 1.4  74.9 08 326 4.0¢ 17.2
38 9.9  37.9 67 13 3.20 16.3
’ n 9.0 1.3 58 9 3.3 1s.9 ’
38 13.3  72.5 74 337 3.93 17.5
A 11.0  29.1 191 362 1.21 11.4
a8 9.6  39.6 62 313 3.34 16.7
) sA 7.6  48.1 4 236 3.70 13.8
sB 6.7  34.6 as 333 1.80 16.5
- 6A S.4 27.1 84 284 1.48 13.3
’ 68 15.2 63.7 83 304 3.24 6.7
|
|
|
i
!
|
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TABLE XIII (Continued)

SLED ANU CRYSTAL DATA FOR RUN NO. 67

Crystal ~ei1ght (grms) Thickness (mils) Qrowth Pate
No. Refnrre After Before After (grams/days ‘=ails/day)
1A 13.3 -- 78 cons cove -
1B 2.4 .-- 60 o= ceaa -
N 1C 14.0 - 83 cme- coma -
i 2A 12.6 26.1 73 93 0.7%0 1.11
28 14.3 28.7 75 93 0. 800 1.00
| 3A 14.9 30.9 63 79 0.889 0.89
38 17.5 31.9 n 89 0.R00 1.00
4A 10.1 17.8 6s 78 C.428 0.56
4B 10.5 19.5 67 75 0.500 0.45
SA 0.0 11. 2 69 76 D.288 0.39
| sB 13.6  22.5 70 71 0.494 0.06
6 11.7 18.3 70 73 0. 366 0.17
)
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TABLE XIIT (Conginwed)

SBED AND CRYSTAL DATA FOR RUK NO, 68

COrystal Weight L) Thickpess (wils)
No . Before After Before Aftg
1A 13,1 ———- 61 P
1B 2.2 5.0 1%7 239
1C 21.8 72.7 95 300
2A 11.2 cmo- 59 e
a8 10.3 - 42 el I
3N 19.8 70.3 73 308
as 6.4 12.9 137 22¢
3C 14.7 6l.6 68 259
4A 22.2 54.8 124 301
42 4.1 59.6 112 an
SA 9.5 50.13 43 298
5B 5.1 12.1 92 173
5C 17.3 52.58 96 237
L) 12.3 1.9 109 234
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Grocth Rate
(nils/day)
0.19 6.1
3.9 17.7
3.3 1.5
0.43 5.9
3.12 12.7
a.18 11.8
2.37 10.6
2.72 16.8
0.47 5.4
2.3% 9.4
1.1 8.3
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IAALE XIII (Costipued)

SEED AND CRYSTAL DATA FOR RUN NO. &9

Cystal Weight (gums) Thickness (uils)
No. Before After Before After
1A 20.6 77.8 as 298
18 18.9 82.9 84 297
2A 18.2 86.2 a2 340
28 9.0 26.3 111 293
3A 18.2 708.58 86 asl
3B 19.0 8l.4 79 293
4\ 17.9 68.2 104 299
48 24.4 76.6 123 348
SA 6.7 20.2 119 as1
5B 16.5 73.9 73 282
6 9.9 37.1 a9 260
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Growth Rate

(graxs/day) (-11:7d11) .

1.83
2.06
2.19
0.356
1.98
2.01
1.62
1.69
0.44
l.85

0.88

6.9
6.9
8.3
3.9
6.3
7.0
6.3
7.3

5.2 .

5.5
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TABLE YIIT (Comtineed)

SEED AND CRYSTAL DATA FOR RUN NO, ™

Crystal Weight (grams) Thickness fwils) Growth Rate
sma/day) (=ils/day)

Mo . Before After Before After (gra »i

1A 4.3 12.4 6S 188 2.51 : 7.8
18 13.53 s4.7 s8 223 2.57 10.9
1C 3.8 10.9 63 170 0 44 6.7
3A 15.¢ 59.2 76 213 2.74 6.2
Py | 17.1 8l1.5 32 230 4.02 12.5
2c 20.7 69.1 74 247 3.02 12.0
3A 14.0 51.8 59 223 2.34 10.2
3B 4.1 8s.1 72 212 3.01 8.7
C 2.1 5.5 s4 11 2.12 4.8
aA s.8 9.3 110 167 9.28 3.s
4B 19.3 61.3 68 178 2.62 6.8
4C 14.2 446.7 S8 194 2.01 8.5
SA 22.3 55.3 93 240 2.006 9.2
sB 13.1 43.0 65 194 1.87 8.1
6 17.5 49.0 78 204 1.97 7.8
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% TABLE XIIT /Continued)
i
: SBED AND CWYSTAL DATA POR RUN NO. 71 )
| Crystal Weight (grams) Thickness (mils) Growth Zate
No. Before After Before After (Iul/ml/d"l -
1A 5.2 19.40 87 242 0.34 1.7
18 19.9 91.58 113 347 1.1 5.6
- aA 13.5 109.89 59 N7 2.3 6.1
<8 18.4 87.10 74 329 1.63 6.1
3A 17.8 78.71 s8 283 1.46 5.4
38 15.7 71.61 76 297 1.33 5.3
@ 21.«  88.70 83 i1 1.60 .4
48 20.3 89.131 72 242 1 64 4.1
RA 21.2 82. .42 76 288 1.46 s.1 .
SB 13.6 65.37 69 284 1.23 5.1
6 4.0 12.00 a3 187 0.19 2.5 i




A it s - ottt o an s e T N et g Ao B T S S L 7 W adin - --n-u—i

TAMLE XIII ‘Qntun-d[

) SEED AND CRYSTAL DATA FR WUN NO. T2
- Crystal Weight (gus) Thickness (wils) Growth Rate S
Mo, Before After Asfore After (grams/day) (wils/day) ;
1A 12.9  s1.70 e 218 2.16 i1.3 g
18 18.7  6l.18 62 229 2.% 1.1 i
P9y 0.6 0.38 n Ya
28 4.8  16.50 50 20s 0.63 9.7 i
ac 23.3  66.% 93 260 2.9 1.1 ﬁ
A 1.6  46.10 72 21% 1.78 9.5 »;
s 20.0 $9.60 66 268 2.20 13.3 i
H
@ 10.2  26.75 80 214 0.92 8.9 i
- 14.1 6.3 63 206 1.79 9.5
. A 14.7  40.53 73 199 1.38 5.4 i
1
sa 21.9 s7.30 72 220 1.97 9.9 »
i
6 1s.0 43.913 67 182 1.60 7.7 '
i
i
V4
f1
|
h
14
]
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TABLE XIIT (Continued)

SARD AND CVYSTAL DATA FOR RUN NO. T3

Weight (gms) Thickness (mils) Growth Rate
Refove After Before Aftor {gque/4ay; ,ails/day)
28.8 189 .38 80 629 4.1 1.7
12.6 137.1 63 576 3.6 14.7
3.8 38.7 52 432 a9 10.8
20.2 149.0 9s 512 3.7 11.9
19.8 1831.5 72 61s 4.7 14.5
22.0 135.5 8s 492 3.2 11.6
9.3 81.2 61 454 2.9 11.2
11.2 7.8 86 440 1.8 10.1
9.2 67.3 09 419 1.7 10.0
2.2 109.3 95 93 2.4 8.6
27.1 96.3 104 367 2.¢C 7.8
-116-
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TASLE XTI (Continced)

SEED AND CHYSTAL DATA FYlt PI™ N0, 74

Oystal Weight (gms) Wgight (mils) Growth Rate
NO . 3z fare Af ter BRefore After (eas/diy]  (®1in/day)
1A 10. 4 112.9 27 431 3.3 12.8
18 16.2 129.0 59 4065 3.0 13.1
B 2A 20.2 133.8 67 477 3.7 13.2
28 16.9 128.5 62 420 3.6 11.5
j5A 15.6 %0.8 78 435 2.4 11.5
38 1.1 4.6 67 139
3C 8.1 66.2 47 356 1.9 10.0
4A 15.4 105.4 S8 4813 2.9 13.7
. 4B l16.3 125.6 60 462 3.5 12.0
SA 13.5 102.2 61 410 2.9 11.«
N 5B 19.0 122.6 70 455 3.3 12.4
6 13.4 73.1 7 380 1.9 9.7
-117-
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Crvatal  Weight (gma) Thickness (w:ls)
N Retre Aftrer Before After {gue/day)
1A 9.8 9A8.0 71 6135 2.6
1B 9.8 76.2 89 619 1.9
2A 13.8 134.6 72 712 3.6
48 11.2 109.4 71 613 2.9
3A 11.8 95.6 91 702 2.5
3B 20.6 160.2 80 661 4.1
4A 6.4 53.1 70 593 1.4
4B 13.6 96.8 84 542 2.4
5A 9.2 tG.0 90 572 2.1
5B 12.5 75.7 80 526 1.8
6A 9.6 52.2 88 438 1.3
6B 16.9 73.0 129 537 1.7
SEED AND CRYSTAL DATA FOR RUN NO. 76
1 29.5 152.7 107 456 2.7
2 26.0 1s51.8 96 455 2.7
3 27.8 148.9 98 448 2.6
4 14.3 128.3 50 451 2.5
5 13.0 106.3 63 419 2.0
6 15.8 117.1 68 390 2.2
-118-
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16.6

15.6

15.9
18.0
17.1
15.4
13.53
14.23
13.1
10.2
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VEED OASD OTRYSTAL O TATA FOR NN w3, 7T

“rvstal Seight { gma) Thicknese (mils) Growth Rgte
Ny Rufrre After Refore Af ter (gws/cay) (mils/ day)
1A 7.2 3.5 67 sal 2.94 17.1
1B 9.8 102.4 62 518 3.01 15.2
2A 9.6 105.0 59 5138 3.18 15.9
2B 17.2 124.2 83 494 3.%7 13.7
A 17.3  106.4 110 so1 2.97 12.9
38 16.2 98.9 80 463 2.7% 12.8
4A 11.5 56.4 87 378 1.50 9.7
4B 20.5 98.5 90 371 2,60 9.4
SA 9.0 41.4 66 272 1.08 6.9
SB 9.3 5%8.0 48 256 1.52 6.9
6A 15.9 37.3 96 243 0.71 4.9
6B 14.3 46.6 77 235 1.08 5.3

SEED AND CRYSTA.. DATA FOR RUN NO. 78
1 24.8 195.9 =, 498 2.88 7.0
2 29.1 2]10.5 1C. 547 3.14 7.4
3 17.6 198.2 54 5z9 3.01 8.1
4 21.8 180.0 70 166 2.64 6.6
] 25.6 175.4 75 460 2.50 6.4
6 16.4 161.3 53 448 2.42 ,6.6
-119=-
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Crystal rotght [amal ™ kness  ~tlat Growth Pate
Nov Qe lro Atter Before Afeer (gms/day) {=a1ls/day)
1 22.18 197 57 479 2.¢€4 6.5
2 29.1 194 97 546 2.%0 6.8
3 32.9 218 91 549 2.76 6.9
4 19.2 185 ©0 489 4.52 6.3
5 21.3 180 79 458 2.38 S.7
6 16.6 161 55 426 2.18 5.6

SEED AND CRYSTAL DATA FOR RUN NO. 81

1 8.0 43.4 86 361 1.77 13.8
2 5.0 22.1 79 273 0.86 9.7
3 1.9 19.4 28 218 0.88 9.5
4 6.6 24.5 83 258 0.90 8.8
5 5.0 24.6 75 269 0.98 9.7

SEED AND CRYSTAL DATA FOR RUN NO. 82

1 11.2 130.8 45 447 2.14 7.2

2 12.6 121.0 56 132 1.94 6.7

3 20,5 144.1 82 492 2.2 7.3

4 21.3 196.9 87 520 3.14 8.0

5 25.3 i99.7 72 450 3.11 6.8

6 20.8 167.0 61 429 2.61 6.6
-120-
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CEEDCAND pvOTal nATA F'R N 4 ey i

Crystal Werght [gme) Thickneaes (=ils) Growth Pate
No. Before Arter Bofore Al ter (gme/day) ‘miis/ lay)
1 6.6 14,7 90 320 .96 7.9

2 4.5 8.7 54 314 1.11 2.0
3 2.1 27.7 as 293 .85 8.0 :
) 4 3.7 24.2 44 239 A, § 6.7 ﬂ
5 2.6 15.9 - 37 183 .46 5.0 i
i
SEED AND CRYSTAL DATA FOR RUM my. a1 '
1 4.9 38. 3 68 342 1.1s 9.5 f'
2 3.7 24.8 67 343 .73 9.8 :;
3 4.3 31.7 66 370 .94 10.s ;j
: 4 3.2 19.8 43 241 .57 6.8 ?3
s 3.1 14 2 69 263 .38 6.7 !

.
o i e,

SEED AND CRYSTAL DATA FOR RUN NO. 83

1 19.6  1s9.6 56 392 2.50 6.0 .
2 42.1  192.1 128 . 452 2.68 5.8 L
3 1.8 159.9 95 397 2.29 5.4 ;
4 16.6  164.2 52 400 3.04
5 23.7  1s8.9 76 406 2.40
6 28.1  1s1.0 77 340 2.19
-121-

Hien ol e




Cratag Gioawth Tt

TLUMITUT ket [ revent Ag Ul M1ONe s cemaa - o2 ) M

Aeight ' NUtr,edtes ecaea- e m e L eemmea LTNO m
Tapacity of S1iver Calle «ceccar come o commn eecame=3.357 Liter
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Figure 473 shows the crystals arown in Run No. 76.
The crystais shown hLere are typical of the size and quaiity of crystals
grown using the conditions given above. The cracks and other defects
visible in the photograph are at the interface of the grown crysta.
and the sead wWhen cut aiong the interface large siabs of crack-free
material i1s obtained.

12 4 Siiver Corrosion

From the very beginning ot the hydrothermal crystai
growth program the probiem of siiver corrosion appeared. Corrosion of
the cans was a serious prob.iem not only because of possibie autoclave
damage but also because the silver was chemically transported ana sub-
sequently deposited as crystalline silver. These siliver crystals
apreared on th> can top, seed rack and were even inciuded in the
crystals. 1In addition tc this, spectrographic analysis cf clear ciy-
stals revealed the presence of siiver in the crystal as an impurity,
Table XIV. The effect of such silver on the electrical or acoustical
propertiss of thT crystals 1s not certain.

The approaches to reducing or eiiminating this
corrosion were undertaken until the solution was finaliy found.
Tandsee znd Ko:btd ar Bell Teiephone Laboratories working with essen-
tialiy the same system and conditions for the growth =f ZaO crystals
had never encountrred this siiver corrosion probiem. The only outstand-
1ing difference between the two systems was that tne Beil Telephone
raboratories  autoc_aves have a permanent silver liner. The liner is
fabricated from 'vacuum melted oxygen-free si.ver,' nereafter re-
ferred to as VMOF siiver. The si.iver used for the can, baffle, et=.
at Airtron was high puritv sitver.

VMOF silver was purchased and in the first run in
which it was used there was iittle or no siiver attack (Run No. 63.)

In this run, however, it was quite ciear that the AT was iow as seen -
from tho iz growil rata of L2 midesacs) Tz the foliowing runs

where a higher AT was employed the extent of siiver corrosion with

VMOF silver was as great as it had been with the fine silver. .

-122-
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Figure 43 - High (Quality Crystals from Run No. 76
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Crystal from Run No. 55 Crystal from Run No. 59
{Regulxr Can) {Gold Plated Can) _ ... -
Silver 0.03% 0.003%
Aludinua 0.005% 0.003%
Gold ND < 0.01% ND < 0.01 %
Zinc High High

™

- cre v
CRERY I WY Leaw
o ———c————

SPECTROGRAPHIC ANALYSTS 7R HYDROTHEARMALLY GROWN 7n(Q)

Ledoux & Co. Aralysia No. 844547

Other elements not detected.
High - indicates 10 - 100 %

ND < -~ not detected less than.

-124-

Y Sst-a e stk M




P11-514

Trura ey rmwet T ot ingedt)
N

The second approach to eliminating the silver corrosion
was to replace silver with another nobic metai. Since platinum or gold
would be excessive 1n cost an aiternate approach of golu plating the
1nternai surfaces of the cans was used. Nu-Line Industries inc * clec-
trochemicaily goid plated the can, bafile and seed rack with approxi-
mate.y 0.2 mils thick goi.d. This can was used in Run No. 59.

The crystais grown on the better seeds in this run
were very high quality crystals showirg little or no fiawing and were
coapletely traasparent. The outstanding feature of the crystals was
the color of the crystal in the <000l1> direction. Instead of the
normal burf color, this part of the crystal was emerald green and as
a resuit the who'e crystal appeared to be that color. The <0CO1l>
side of the crystal was the usual pale green.

Examination of the iadder, baffle and wails or the
can revealed that aimost ali the gold piating on the baffle and iadder
had been dissolved away, but that the walils had not been attacked to
any extent. The nature or cause of this dissolution of gold is not
known. Why the dissolution was limited to the iadder and baffle is
also unknown. There was no evidence of gold deposits anywhere as had
happened in the case of the silver corrcsior. There was aiso no
evidence of silver attack.

Considering the gold dissolution and appearance of
a new green color to the crystai, it seemed obvious that the two were
reirated How.ver, x-ray fluorescence and spectrographic analyses were
performed on a samp.ie of this material, and also a crystai from Run
No. 59 for comparison, and neither technique reveaied the presence of
gold 1n either sampie. The limits of detection were about 1,00C ppa
for the x-ray fluorescence and 100 ppm for the spectrographic analvsis.
The data from the spectrographic analysis are presented 1n Tabie XIV.
Aside from not detecting any goid, the effectiveness of the go.d pia-
ting is shown in order of magnitude decreases in the silver content.

The cause and solution to the problem was indicated
from several observations:

1. Increases the size of the system, increases the
extent of the siiver attack

2. The larger the AT, the greater the reaction

3. Use of oxidizing agents in other hydrothermai
systems t. _w. .o .-weisy ilcreased the silver attack

-
e . D . e D g —— . D o’ S A . - - -

+ Nu-Line Industries Inc., 10i5 South Sixth Street, Minneapolis,
Minnesota 55415
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Tonerder g o Te hewe c o e (0 owad - ieas that i reducing agent snould

hbe tried Jins mecy was cacuen =inee 1t NRousrd be more reactive to-
ward oxidiZing ager s tian st lver and whon oxiuize ! would form Zs {ons
which are aireay resent 10 the solutitoun Run No. 71 was the first
run i1n which A smaia p1ece {a-<-3 gm) 2f sinc metal waas scaled an the
nutrient seci.on »f the <an There was no trace of ,'1lv'r deposit or
corrosion aovwhere in the ays (eu. In every r.n after that to ich

z2inc metal was added there was no corrosion

The mechanism by which i*~ silver corrosion aprears s
as foliows. Thc initial attack on silver is caused by oxygen dissolved.
in the KOH solution and in the air entrapped in the silver can during
its closure. In the nutrient zone, the hottest part of the can, a
soiubie silver complex 1s formed which 1s convectively transported to
the cooler reyions of the can. Because of thermal disturbance of the
equiplibriums a dispreportionation reaction occurs which yields metaiiic
fiiver and a silver compiex of higher oxidation number.

Similar thermally dependent disproportionation re-
actions are popuiarly used for the vapor phas: growth of ITI..V (cm-
pounds The ilack of thermodynamic data for the possible cilver species
at the elevated pressures and temperatures makes it iapossibie to assign
definite oxadation s+tates to the siiver in the transporting complex ious.
In this system the silver was principaliy deposited in the two regions
where the temperature drops are greatest, at the baffle plate (its pur-
pose is to divide the tiuid into two temperature regions), and the
top of the <an where the heat loss to the ambient is greatest.

This proposed mechanism explains the initiai :liver
attack, 1ts continued transport during the course of a run, and the
observations which lecad to using a reducing agent.

The added zinc metal 1s effective since 1t probably
reacts with the enclosed oxygen and water to form zinc (II) ions and
hydroxide 1ons, boti of which are already presert 1n the solution.

Any zinc metal in excess of the amount that is not oxidized by the oxy-
gen reacts with the fluid to form hydrogen.

The soiving of silver corrosion in this system is
izportant sance 1t also provides a possible soiution to noble metai
corrosion in other systems. For cxample although the silver attack
in the hydrotheruai ruby system is not as extensive, the addition of _
metailic aiuminum completely eliminates any trace of silver deposits.*
Yttrium metal should also eliminate the silver axtack in the rydro-
thermal growth of YJFeSCIZ.
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The apparatus used to meastre elertrical recistiviiy was
~i%ilir to that used by Kolb ana Laudise,Io using the VoI zecani-jue.
In thi, technmique a weasured doc. current is made ty pass through the
sample an ! the voltage drop s veasurcd, the <amp - resistivity is

calculated frcm tii~ voltage, ud.rent, and dimensions of the cample.

The cir- 1it diagram of the set-up is shown in Figure 44
The jig for holding the sample was enclosed n a zetal “ox t. provide
electrical and lignt shielding of the szaple during measurement. ihe
jig for holding the sample wag FF-9]1 formica and the samnle contacts
were a brass pin ana golu foil. The direct current source was nNro-
vided bv fcur 7 v batteries connected in s2ries. The current and vol-
tage were measured uy means ol two weters: 1) Keithley 'lodel 150A
Microvolt Ammeier for small currents and voltages; and 2) a Triplett
Mode' 800 multipurpose meter for the large currents and voltages. By
appropriage interchanges of the meters, the entire rance of resistivi-
ties (10~ 1012 ohm cu) could be measured.

The sar—le was Drepazld bv machiniy a parallelopiped typi-
caily abonut 7mm x 2.5mm x lom. The ends 'were then abraded .nd two
opposing sides coated with a Hgy-.n alloy for contacts.

The recistivity mecasurements are presented in Tables XV
arnd XVI . Tn some cases a large photo effect Las been noticed. In
all cas.. wher=2 this has apreared the reported w=2asurerernt was not made
until after photo effects had de :ayed (usually more than 24 hours).
This puaoto effect is not new. It is interesting that in scme crystauis
& large effect is noted; whereas, in other: -“here is little or no effect

4.2 Doging
4.2.1 Lithium

As already pointed out it is fortunate taat the Li*
ion in ZaO acts both as an impurity improving crystal quality and to
generate an acceptor center so that compencation may be attained. The
rmajority of runs nade during the ifetime of the contract all employed
lithium as dopant with the exception oi an indium doped run and several

copper doped runs.

Having obtained good scund crystals of reascnable
size, resistivity samples of both the c* side and c~ side were cut
from a crystal of each run. In gene-al the crystals froa the c+ side
were of high resistivity i.e. >17%a.cm. JUn the other hnd the c~ side
was of low resistivity <l0<4~cm. The differerce is obvious due to the
way in which the Li and zinc are incorporated just as the anisostropy
in growth rate, ete. Spectrosccpic analysis for lithium on both sides
of the crystal, however, did not reveal surficiently large difference
in concentration to account for the orders of magnitude differences
in resiztivity.
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Crzstal

3 8 3

41

41

45-4

45-4

45-2

48-1

48-1

50-6

50-6

. 51-8

Side

c

-
c

TABLE XV
RBESISTIVITY MEBASUREMANTS

Shape
Cylindrical

Crlindrical

Rectangular

Rectangular

Rectanguiar
Cylinarical
Rectangular

Rectangular

Rectangular
Rectangular
Rectangular

Rectangular

Rectangular

Rectangular

Rectangular

U -cn)

8.6 x 107
7.9 x 10° ¥
4 4x10?

6.2 x 10747

1.4 x IC)8

2.4 x 10°
9.6 x 10°0®

1.9 x 10°%

e N~
2.6 x 10?

7
4.3 x 10

6.4 x 10”4

2.1 x 10

2.0 x 10%

8.2 x10

1 x 10°

@ After heat treating in air at 600°C for SO hours.
4% Measuied perpendicular to c-axis.
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TABLE XxXVI

RESTSTIVITY MBASUREMENTS

o ®
<0001> Liceg B¢ fore After
Crystal Crystal Pressure annt: Grcwth Rate Con: Heat Treat Heat Treat
No. Orientation (osi) {°C) mils/day) (m) (ohm cm) (ohm cm)
4 6
59-38 ct 9,000 313 6.0 1.0 1.05 x 10 1.4% » 1)
. _ )
$9-48 c 9,000 313 6.0 1.0 4.6 x 10°% 2.0 x 10
L 4
62-2A c 23,000 390 24.0 0.2 1.9 x 100  13.45 x 10°
- - 1
62-3 c 23,000 390 24.0 0.2 1.3x10! 5.2 x 10
s 3 5
63-4A c 9,000 317 2.7 1.0 1 x 10 3 x 10
64-5A c* 19,400 188 12.6 0.2 2.5 x 10 2.1 x 10"
64-28 c” 19, 00 388 12.6 0.2 4.9 x 107} 1.6 x 10
.} )
6S-48 e’ 9,700 216 8.1 1.0 7.5 x 10 2.5 x 10
65-48 c 9,700 316 8.1 1.0 9.6 x 107} 1.2 x 10"
* 10 3
66-5B c 19,700 an 16.% 1.0 1.6 x 10 1.7 x 10
L - ,
66-58 c 19, 700 an 16.5 1.0 9.2 410°% 4.8 x 10
1 5
67-SAW - 19,500 389 cae- 1.0 4.4 x 10 7.2 x 10°
:
68-6 c 19,500 390 8.3 1.5 1.8 x 10* 9.8 x uou
- o | -2 o
68 c 19,500 390 .3 1.5 6.1 x 10 6.3 x1

{

R0.1 m In(CH), added to solvent

AT
 mr

1.4 x Mow

A 4 x 10

. 0
10

[
0
al

1.3
1 % !0
5.25 x 107
1.6 % 10!
$.4 x ~O~

1.0 x 104

fFhote
Fffects

Low
lLow
lLow
None
Low
High
Low
High
Hone
High
Hone
None

Low

None
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Cxrystal
—r.

77-6
81-3
8s3.2
83-2

84-2

84-2

& -

G, i B

TARLE XVI (Continued)

<0001>
Crystal Pressure ann<-n Growth Rate
Crientation _(psi) (°c) (wile/day)
c” 13400 384 Cu
c? 22500 297 1.0
c* 25000 293 0.75
c 25000 293 0.7%
c* 22400 296 0.4
< 23400 296 0.4
i

~ ~

LioH Before After
Conc Heat Treat Heat Treat
(m) {(ohm cm) (ohm cwm)

1
10.9 4.1 x 10 7.47 x 10}
10.2 1.8 x 10°

3 s
7.4 6.3 x 10 2.7 x 10
7.4 5.1 x10°2 9,44 x 10°

8 4
8.6 2.7 x 10 6.0 x 10
8.¢ 2.2 x 102 2.4 x 10}

2 AHT Ph.:o
A ar Bf fects
1.82 x MOO None
Low
1
4.28 x 10 Low
1.86 x 102  None
2.2 x 1074 1w
-3
1.1 x 10 Mone
o
m
-4
[}
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Doping and Elect-ica) Properties (Continued)

As the contract proceeded and the msasurewsent was
refined, heat treatment of the resistivity samples was also carried
out. The purpose of the heat treatment was to diffuse out or to lo-
cate on lattice sites the residual interstitial zinc or lithium. In
any case In-Hg amalgam was removed from thc sample which was then
placed on inert substrate. The sauple was then heated in air for 50
hours at 800°C. After this time the resistivity was rewmeasured.

Until the silver corrosion problem was solved the
samples would exhibit very large photo conductivity effects on the
ct side. Analysis of the crystals has shown that these crystals
contained significant amounts of silver and the photo conductivity has
been attributed to the presence of such silver. Once the corrosion
was eliminated very little or no photo effects were noted. Also of
interest is that the c* side of crystals grown during the silver
corrosion period were buff colored while those which were silver free
were colorless. The c” side in all cases was pale green.

Throughout the course of the work attempts were made
to relate the resistivity of the cryth; to any and all of the growth
parameters. Since Laudise and Kolb™ "’ had shown a relatianship of
resistivity after heat treatment to lithium content this same attempt
was made to crystals grown during this work. No relatiomahip was
established. Ouly in the case where lithium was omitted from the fluid
(Run No. 7¢) was a significant difierence in resistivity noted. Other-
wise there is no apparent relationship c¢f resistivity to lithium con-
tent. As stated previously the growth conditions for most runs varied
quite significantly making it difficult to compare results. Work per-
formed at the end of the contract and since that time may help shed some
light on the reasons for being unable to relate and interpret the re-
sistivity results.

Dr. Hickernell of Motorola, Blectronics Division,
Scottsdale, Arizona was in receipt of several samples of ZnO. Among
these were one lithium doped sample (76-5) and two copper doped samples
(73 and 75-4B). Dr. Hickernell measured the rxesistivity of this
sample (76-5) and found it to be 0.5-2x10%0 cu which is about two
orders of magnitude greater than an Airtron mesasurement on crystal
76-2. While somewhat disturbing, the difference is mot surprising as
will be discussed in section 4.3. Dr. Hickernell also attempted to
measure the mobility of this sample but its resistivity was too high
for a good measurement. Acoustic velocity wmeasurements were also
made on these samples and are summarized in Tabla XVII,

4.2.2 Copper Doping

Copper, like lithium. serves to produce acceptor
centers which can increase the crystal resistivity. The objective in
attempting copper doping in the ZnO crystal growth was to produce
crystals in the 103 - 10°a.ca region.

-133-
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TABLE XVII

ACOUSTIC VELOCITY MEASUREMENTS

OF COPPER DOFED ZIlC-OXIDR

m Sauple Propagation Propagation Particle Velocity Value
m Designation Mode Direction Displacement (x 105 cm/sec)
! = ==
m 73 Shear // c 1C 2.747 + 002
“ 75-48 Shear //c 1C 2.733 + .00s
Shear 1C 1C 2.794 + .00s
76-5 Shear i/ C 1C 2.737 + .00s w
; Shear 1 1C 2.802 + 002 0
Shear 1c // cC 2.835 + .002
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Doping and Blectrical Proverties (Continued)

The first run, Nao. 72, was successful in prodscing
lower resistivity materlal. 'n this run 34 grams of CuO were addeqd
to the nutrient. The complete operating conditions for all the cop-
per doped runs are presented in Table XI . The grcwth tswmperature
in this run was 284°C with a AT of 24°, After the runs there was
evidence of CuO crystals in the growth chamber indicating that the
solution had been saturated, thus limiting the amount of copper
ions avallable for 1ncorporntion into the ZnO crynull. The resulting
crystals were fairly high quality, with the c * side having a pale brown
color and the ¢~ side baing dark green.

The resistivity of the c* -m; was m-ﬂ-a and

- on heat treatment increased to 10004/Aca. - < BRI 2

In order to increase the amdount of copper in the
next run, the crystallization temperature was increased from 284°C
to 333°C. Two such runs (Nos.. 73 and 75) were made in which 30.0
grams of CuO (No. 73) and 26.1 graas of CuO and 3 grams of copper metal
(No. 75) were added to the nutrient. The crystils were high quality
and had resistivities of about 10004k cnm which did not iccrease sube
stantially on heat treatment.

The crystallization temperature in Run No. 77 was
increased to 384°C trying to raise the resistivity to 1040 =
or greatcr. In the run, the crystal quality deteriorated to the point
where it was difficult to find a section sufficiently large to fabri-
cate a resistivity sample. A piece measured 4 x 103N\ cm which on
heat trecatment coapletely decrepitated. Thus it appeared that further
increasing of the crystallization temperature would not increase the
degree of cowpensation and the crystai quality would probably continue
to degenerate.

Dr. Hickernell measured the resistivities in the low
103-cn range for the crystals from runs Nos. 73 and 75 which were in
agreeunent with the Airtron measurements. Dr. Hickernell also mea-
uured the mobility of thsne two sauples and obtained values of 161
em?/volt sec and 136 cm“/volt sec for Nos. 73 and 73 respectively.
Airtron's -obnity measurement on the heat treated sasple from run No.
72 was 152 cm?/volt sec. Dr. Hickernell determined the electramechan-
ical coupling factor, Kjg, for crystals 75-6 and obtained a value of
0.26 which he compared with values of 0.24 - 0.28 which we had seasured
on lithium doped crystals.

4.2.3 Indium Doping

In Run No. 67.0 1lm Insa{), waz added in an effort to
lower the resistivity, hogcfnlly to 10 cm or less..Indium has been
shown by Kolb and Laudisel® to be a donor type impurity in ZnO. A
lowering of resistivity was produced in two runs at Bell Telephone
Laboratories by adding In(CH); to normal growth solution. The re="ts
of Run No. 67 were quite surprising. Little or no growth occurred in

=135~
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Zoying and Electrical Properties (Continued)

the <0001> direction, however, lateral growth in the <1010> and <11Z0>
direction was very extensive. I[n addition to the lack of a growth in

the <0001> direction both sides of the seed were covered with spon- -
taneously nucleated crystals. The spontanecusly nucleated crystals
were peculiar for two rcasons. The usual habit or f-rm of shontane-
ously nucleated crystal in +he hydrothermal system is a hemimorphic
nugget with nearly equal width and height. In this run, however, the
crystals were much like those obtaiued fr(m molten salt crystallization
which have the plate like habit width <0001> faces forming the major
surfaces. This habit was undoubtedly alsc another manifestation of
impurities changing crystal growth rates.

The second peculiarity of the spontanecus nucleation
was that the crystals occurred principally over the original seed
crystals and were not over any of the new lateral growth, Figure 45 .
Figure 46 shows another crystal from this same run but with the spon-
taneously nucleated crystals scrapped away from the surface. The ex~
tent of lateral growth and lack of (0OOOl) growth is clearly shown.

The lateral growth appeared to be of quite high quality and was a pale
blue-green color. The spontanecusly nucleated plates were also of
the same color.

In addition to the spontaneous nucleation on the seeds,
the walls of the can, ladder parts and top were blanketed by a deposit
of the ZnO plates. N .

4.3 Run Uniformity and Crystal Uniformity

Considering the scatter of resistivity results from run to
run the question arose as to the uniformity of the doping of crystals
within a run and this uniformity within a single crystal.

Resistivity samples from four of five crystals of run Nos.
83 and 84 were cut and the resistivity measured. All samples were
heat treated, and measured. Some of these have undergone three heat
treatments. The resulls are presented in Table XVITI.

As can be seen from the data the virgin crystals show a
wide range of resistivity of 10%A ca or greater. Upon heat treatment,
however, this spread is reduced to one order of magnitude. Subsequent
heat treatment up to three show less and less change in resistivity with
each heat treatment cycle.

It appears that the initial resistivity cannot be reasonably
controlled by growth conditions. Each subsequent heat treatment,
either by diffusion or by site incorporation of impuraities, 91*, and
zinc tends to bring the sample to a final or "equilibrium" resisti. .
vity.

Similarly a crystal, No. 84-3, was made into 12 samples to o
construct a resistivity map of the crysial. Figure 47 shows the map
and values. As with the individual crcystals there is a large spread
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Figure 45 - Crystal from Run No. 67 Showing Spon-
taneous Nucleation and Lateral Growth
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Figure 46 - Crystal from Run No. 67 with Spontaneocus
‘ Nucleation Removed
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TABLEB XV 11

Resistivity Change on Subsequent Heat Treatmsents

Crystal No. Virgin H.T. No. 1 H.T. No. 2 H.T. No. 3
T 83.2c” 4.9 x 103 4.5 x 107 5.3 x 103 2.9 x 103
83-3 c* 3.9 x 102 3.8 x 104
83-4 c* 3.8 x 104 6.1 x 104
83-5 c* 9.1 x 103 3.0 x 104 ‘.4 x 103 1.9 x 103
84-2 c* 2.7 x 108 6.0 x 104 2.6 x 104 1.3 x 104
84-3 c* 3.2 x 105
84-4 c* 6.5 x 104 8.9 x 104
84-5 c* 7.2 x 104 1.8 x 104 5.4 x 103 2.8 x 103

«J 3=
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Figure 47 - Resistivity Map Crystal No. 84-3
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Doping and Electrical Properties (Continued)

in resiativity for the virgin crystal.
wag rediced o about one corder of magnitude.

The final run made under the contract was No.
A large crystal growth run. 2Zinc r.ade for nutrient prepcratios bad

(n heat treating the spreed

83 which was

beer from the same lot throughout *“e contract up to this run ({n which

a new lot

i rfterences were noted.

was used. The crystals grown using this new lot were green
in colozr compared to the previous colorless saterial.

An analysis of both lots was obtained but no detectable

Table XIX. Even though the Zn0 is of high

purity close examination of this material showed that it coantained

It appears that commercially available zinc oxide powder

of impurities can radically affect the electrical properties of the

crystal.

A crystal.

!

It also appears that no data on virgin crystals is reliable
because of the large variation noted frcm crystal to crystal and within
Ancouraging though is the fact that on heat treatmsent the
resistivity does appear to reach an "equilibrium"™ wvalue.
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many fine foreign particles and several large pileces of metallic chaips.
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Sf{lver
Alumsinue
Arsenfic
Gold
Boron
Barium
Beryllium
Bissuth
Calcium
Caduiun
Codalt
Chromtum
Copper
Iron
Gallium
Gersanium
Hafnium
Lithium
Indium
Iridium
Magnesium
Manganese
Mo lybdenum
Sod{ium
Coluabium
Nickel
Osniuw
Lead
Palladium
Platinum
Rhodium
Ruthenium
Antimony
Silicon
Strontium
Tantalum
Tellurium
Thallium
Titanium
Vanadium
Tungsten
Zinc
Zirconium
Tin

A

TARLR XIX

Lot Ne. l

ND<0O.,001%
ND<O ;18
ND«<Q.0%%
NT<0Q.08%
ND«<0. 003S%
ND<0. 001 %
ND<O.001%
ND«<Q.001%
NDx<0 .00 %
ND<0.0s8 %
NDx<0.Q01%
ND<Q. 001 %
ND<0.001%
ND<0.001%
ND«<0Q.001%
ND<O. 003%
ND<O.08%
NDx<0O.001%
ND<0.001%
ND<0O.0%%
0.00%%
ND<0.001%
ND<0.001%
ND«<0Q.001%
ND<O.00s%
ND<0O.001%
ND<O.05%
ND<0O, 003%
ND<0.001%
ND<0.00S%
ND<O, 005 %
ND<0O.05%
ND<0O.05%
ND<0.001%
ND<0.001%
ND<O.05%
ND<(Q. 1%
ND<O.01%
ND<0O.001%
ND>0.001%
ND<O.0s%
High
ND<0.001%
ND<O.Q01%

ND< - Mot Detected Lgss Than

Reswits of Spectrographic Analyeie of Zn0Q

- s,
EXEEER )

toy No. 3

ND<0.001%
ND=0.001 %
ND<D. Q3%

ND<0. 03 %

ND<O.00%%
ND<0.001%
ND=0.001%8
ND<0.001%
ND<O. 003 %

- »\:f_w}?.}‘a‘#‘“”" "
d  ND2D, 001 %

RD<D.001%
ND<D.001%
ND<Q.001%
ND<O.0O01%
ND<0.003%
ND<0.05%
ND<).001%
ND<0.001%
ND<0.03%
0.00s5%
ND<O.001%
ND<0. 001%
ND<Q.001%
ND<0.00s5%
ND<O.001%
ND<Q.05%
ND<0. 003%
ND<Q.001%
ND<O. 005 %
ND<0. 00%%
ND<Q.05%
ND<0.0s%
ND<.001%
ND<0.001%
ND<O. 0%
ND<O.1%
ND<0.01%
ND<0.001%
ND<O.001%
ND<0O.035%

. Wigh

ND<0.001%
ND<0.001%

Y
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5.0 COMCLLUSIONS

this report contains the description of the manufacturing tachnology .
required to produce lurge high quality crystale of sinc owide. It is a
peculiar situation that with all that is known concerning ZnO and sll of
the interest in it as a material no device requirements for large aseunts -
of material yet exist. It is a case where the crystal growth technologQy
has preceded the correrponding device devopment. Part of the reason rof
this may be that before this contract only small vapor grown crystals
were available which were not suited for device fabricatiom.

The work performed in the molten salt area, though not completely
successful, did provide sufficient seed material for the hydrothersal
process at that time.

The hydrothermal portion of the program was quite swccessful in
that it was demonstrated that very large crystals of high quality coald
be grown by this process. Although crystals doped at all resistivity
levels cannot be grown as reproducibly as desired, crystals cia be gxown
in the 104 - 10° range. This is the range required for acoustic smpii-
fier devices. Furthermore crystals have been jrown with very high resfs-
tivities and it may be that this area may be brought under better control.

Prior to this contract the only large crystal hydrothermally grown
was quartz. The hydrothermal technique for crystal production has thus
been extended and concomitantly new techniques had to de daveloped. In
orcer to grow large ZnO crystals, the large silver can technique was per-
fected and a positive sealing procedure for the can was deveioped. -

As opposed to quarts where acmite is generated to insure the sealing }
of the autoclave, only water is present in the external fill and the j
sealing pieces of the autoclive sust be perfect if the seal is to cloee
effectively. In order to accomplish such sealing on a routine but guar-
anteed basis, certain tools and techniques were evolvid during the course
of the progranm.

In addition to the new tools to be used with the autoclaves, the
autoclave design itself was improved so that the manufacturer has inclu-
ded these modificatioms iz this standard vessel.

Several unexpected probless were encountered during the work: one
of these was silver corrosion under hydrothermal conditions. This form
of corrosion had not been reported until this time. Considering the
serious consequences of the corrosion it was imperative to solve the
problem. The solution was achieved and similar techniques have been - -
applied to other hydrothermal systems (Al;O0y, YIG, BeO) to eliminate the
corrosion in those systenms. , .

Another problem which arocse was the discovery that the phencmssnon
of electrical twinning occurs in hydrothermal ZnO. The formation of the N
twin during crystal growth could not be eliminated but twinned material

-142-
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Concineions (Continued)

was resoved mechanically after growth. : e

Copper doping in the hydrotlernal was first stasmped and Swocess
schieved i produning high quality ciystals i tha iltacimediate rweie-
. tivity rancoe. The largeat zinc cxide crystals evez growm {13 cryetals
all weighing in oxcens of 130 grame were prodmoed and deliveved te the
Alr Force Meteriale Laboratorise.

In addition to growing and delivering the required large crystals

it should be noted that throughout the cow se of the asr ‘ract: lazge :

nesbers of crystals have been made available and deliverwd te many re- {
- searchers. These include Ccovernuent, industrial and edewantisnal labews

atoriee whose interest vaxried from the mesasuremeant af fNndamental prossg~

ties af ZnO te device fabrication. It is heped thas satezial foem tRis ... .«

sy 1 2o pROpTan will shed mew 1ight on the fundumental pucpastiss and yield &
davice for which crystal material i{s readily available.
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6.0 NECOMMENDATIONS FOR FUTURE WORK

Althosah the requirements as set forth to develop the manuficturing

process, techniquee and equipment for the hydrothsrmal growth of large

200 crystals nas been accompliabed {t 3 clear that many facets of growth

at this crystal should be {rnvestigated im greater depth.

1)
2)
2
4)

5)

6)

A fundamental study shauld be carried eut te inwestigate in

Jdetail the dependence of growth rate on pressure, tesperiture,

AT, solute concentration and i{mpurity ion effects.

From such a study a set of conditions might be ocbeerved waich
could be developed to yield a process wherein higher growth
rates and higher quality crystals could be odtained.

A program is required to develop a precess which could yield
mot.tmtn.hopadnudmomrmmmm”

paration.

Purther improvements are required in the ability to dope at
more levels and in a more reporducible uniform manner.

A study should de carried ou? to dope ZnO with ions other than

lithium, copper and indium to see if the objectives of No. 4

above could be more easily accomplished and/or yield a crystal

with other intaresting properties.

\

Finally a program must be carried out to develop the growth
whereby crystals are produced whose major dimension lies in

the <0001> axis.
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13. ARSTRACT

A pilot line for the production of large high quality ZnO single orysials was
established and many large crystals were produced, The pilot line can be divided
into two units, l)a molten salt lins for the production of seed plates to be used
in 2)the hydrothermal cryatal gxowth pilot line. The design and oonstruction of botid
1ines were sucoessfully completed and functioned ss planned. The molten salt crystal

wth effort was not as sucoessful as had been anticipated. lLarge area, high qualid
¥ orystals could not be made reproducibly by this te ue, The most apparent
reasons far the fallure to do so rests in thermal gradient control dvring the growtH
cycle and/or the presence or absence of ities. Although these probless wers notl
completsly resolved the molten salt pilot line did yield sufficient plates for the
initial portion of the thermal orystal pro?'u. Onoe ocomditions
and procedures were sstablished in the hydrothermal pilot line, hydrothersal
grown crystals were sectionsd and used ss seeds for subs t runs. The area of
ocryatals were increased by contimied growth until large quality crystals weigh-
ing more than 150 grama ocould be wn on such seeds within e opers
times. One problem arose which not been encountsred in previcus hydro
systems. It was found that the silver liner or ocan was corrosively attacksd during
oourse of the growth cycle. The silver vhich was dissolved in the fluid in the

fluid in the matrient chamber would also be deposited in the orystals in the growth
chamber. This problem was solved by adding s reducing agent (metallio xinc) to the
reactants. The cause of the corrveion apparently is due to the preeence of oxygen
dissolved in the sclvent and as air entrapped in closure of the can. The reason
tkis phsnomenon bad not been chesrvred in other small systems using noble metal linere

is that no other similar system has been scaled-up to the Zn0 sise. The solution of

this problem for the Zn0 case will undoubtedly be of valus to other large hydro--
thermal crystal growth systems.
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¢

In eddition to the growth of the large omm-mﬂlnm;bmm

which vers doped vith copper to give resistivities in the 109 - 10% <L om range.

™ig is the renge moss desirable fnr socustical amplifisr devices. Other doping

studies indioats a wide variation of resistivities witlin the virgin crywtal, end

. from oryswta’ to orystal within a rum. Afte’ heat treatssant, hewsver, the variatioe
of reeistivity is reduced to an order of msgnitude or lees. It was also obsarved
that irpuritics not deteated hy spectrograpbic analysis may be as \mportaat i»
dstermining the resultant resistivity as deliberate doping additioms end growth oon=
ditions. During the oocurse of theee contracts many samples of Mydrothersally grewn

—  72n0 were given to scisntists and engineers in governams, industrial snd uxiversify
laboratories for msasurement of the fundasental properties of IO emd for devioce
design and developasnt.
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